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Noble metal nanoparticles display a unique property, known as localized 
surface plasmon resonance. This property is originated from the collective 
oscillation of free electrons in conduction band. Owing to this collective 
oscillation, noble metal nanoparticles exhibit many excellent properties. One of 
the most striking and applicable properties is two-photon photoluminescence 
(TPPL), owing to its high penetration depth and 3D mapping capability. This 
thesis presents a study on the TPPL properties and biological application of 
noble metal nanoparticles. 
As electric field enhancement strongly depends on material dielectric 
property, an investigation on optical properties of single Au nanocubes, Ag 
nanocubes and bimetallic Ag/Au nanohollows was presented in Chapter 2, 
based on single particle microscopy. The averaged TPPL intensities of single 
Ag nanocubes and Ag/Au nanohollows were observed to be 5 and 62 times that 
of single Au nanocubes. Cell viability experiment shows that Au nanocubes and 
Ag/Au nanohollows exhibit low cytotoxicity, while Ag nanocubes exhibit high 
cytotoxicity. Owing to lower cell cytotoxicity and larger TPPL signal, Ag/Au 
nanohollows are better candidates for two-photon imaging contrast agents. 
Since shape of nanoparticles is another important factor influencing the 
electric field enhancement, Chapter 3 discussed TPPL properties of different 
shapes of Au nanoparticles, based on single particle microscopy. Au 
nanospheres, nanocubes, nanotriangles, nanorods and nanobranches with 
similar dimensions were chosen to investigate the relationship between TPPL 
intensity and shape. The averaged TPPL intensity of single Au nanobranches is 
47750 times that of single Au nanospheres. Laser-induced melting experiments 
x 
 
on single Au nanobranches demonstrate that tips played an important role in 
strong TPPL. Application of Au nanobranches as excellent two-photon imaging 
contrast agents have been demonstrated on HepG2 cancer cells. 
As plasmon coupling of nanoparticles has been demonstrated to be 
strongly affect the electric field distribution, Chapter 4 discussed the influence 
on TPPL properties of Au nanocube before and after coupling, based on single 
particle microscopy. Au nanocube dimer displays two scattering peaks when the 
polarization of white light is along assembly axis, which are assigned to the 
plasmon coupling between adjacent facets and adjacent corners, respectively. 
Under this excitation polarization, TPPL peak of dimer is located between two 
scattering peaks, which is inconsistent with the reported results. These results 
indicates that plasmon-modulated emission mechanism plays an important role 
in the emission process of Au nanoparticles. 
Previous investigations on TPPL application were mainly focused on 
using the visible emission, which can be scattered by bio-tissues and 
consequently reduce imaging performance. An investigation on the near-
infrared (NIR) emission from Au nanorods and aggregated Au nanospheres was 
presented in Chapter 5. Photoluminescence of Au NRs excited by pulsed or CW 
laser was found to strongly increase when the longitudinal mode of Au NRs 
overlaps with the laser profile. Photoluminescence of Au NSs display strong 
enhancement in both visible and NIR range after aggregation, by using pulsed 
laser as excitation source. Our results provide new insights into the potential 
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Chapter 1. Introduction 
Noble metal nanoparticles have attracted tremendous interest in many 
fields, owing to their unique optical properties from localized surface plasmon 
resonance (LSPR). LSPR can induce strong interaction with light, and 
consequently result in large absorption and scattering cross section, and huge 
local electric field enhancement near the surface of noble metal nanoparticles. 
These excellent optical properties make noble metal nanoparticles widely 
applied in many fields, such as plasmon-enhanced fluorescence,1 surface-
enhanced Raman spectra,2 sub-wavelength optical devices,3,4 photodynamic 
therapy,5 biological sensing and imaging,6,7 catalysis,8,9 and data storage.10 In 
the rest of this chapter, a brief introduction will first be given on optical 
properties of noble metal nanoparticles, followed by a review of preparation 
procedure and mechanism. In addition, the relevant experimental techniques 
will be introduced. At the end of this chapter, the scope of this thesis will be 
presented. 
1.1 Surface Plasmon Resonance 
Surface plasmon resonance (SPR) is an extraordinary optical property 
of noble metal. The utilization of this property can date back to the ancient 
Roman in the art of stained glass, such as Lycurgus Cup (Figure 1.1A & 1.1B). 
Nowadays, researchers utilized plasmonic aluminum nanostructures as 
pigments to reproduce Monet’s famous painting, Impression, Sunrise (Figure 
1.1C). Though both of them are the art based on surface plasmon resonance, the 
latter one was fabricated on the basis of the rapid development of 




Figure 1.1 Lycurgus Cup (© Trustees of the British Museum) in reflected light 
(A) and transmission light (B). (C)  Reproduction of Monet’s Impression, 
Sunrise by using plasmonic aluminum nanostructures as pigments. Reprinted 
with permission from S. J. Tan et al. Nano Lett. 2014, 14, 4023. Copyright 2014 
American Chemical Society. 
Surface plasmon resonance (SPR) of noble metal originates from the 
collective oscillation of the free electrons in conduction band, bound to the 
metal/dielectric interface.11,12 The oscillation of free electrons in noble metal is 
initiated by the displacement of free electrons when interacted with an external 
electric field (incident light). The displaced electrons feel a restoring force 
induced by Coulomb attraction from their ionic core, which results in the 
oscillation.13 The oscillation frequency is determined by the ratio of restoring 
force to mass per electron, which is related to electron density, effective electron 
mass, and charge distribution in noble metal.14-16 
Due to the strong attenuation of electromagnetic wave in the metals, 
surface plasmon resonance only occurs at the metal/dielectric interface.17 
Depending on the size of the noble metal, surface plasmon resonance can be 
divided into two categories: surface plasmon polaritons and localized surface 
plasmon resonance (Figure 1.2). In the case of the surface plasmon polaritons 
(SPPs), plasmons propagate parallel to the plane of metal-dielectric interface 
from tens to hundreds of microns, and generate a strongly enhanced electric 
field near the interface (Figure 1.2A).16 In order to excite SPPs, the in-plane 
wave vector of the incident light (kx) must match the wave vector of SPPs (kspp). 
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k k              (1.1) 
where k0 denotes the free space wave number, ε1 denotes the dielectric constant 
of dielectric medium, and ε2(ω) denotes the frequency-dependent dielectric 
constant of metal. Thus, the wavenumber of SPPs is real and positive, only when 
ε2 < -ε1 and ε2 < 0.18 Only under these conditions, SPPs occurs. In visible and 
near-infrared (NIR) range, these conditions are only fulfilled by several noble 
metals, such as gold, silver and copper.19-21 
 
Figure 1.2 Schemes of surface plasmon polaritons (A) and localized surface 
plasmon resonance (B). Reprinted with permission from K. A. Willetset al. 
Annu. Rev. Phys. Chem. 2007, 58, 267. Copyright 2007 Annual Reviews. 
When the size of noble metal is reduced to nanoscale (noble metal 
4 
 
nanoparticles), the surface plasmon is restricted in 3 dimensions. This strong 
confinement leads to localized collective oscillation of free electrons, termed 
localized surface plasmon resonance (LSRP) (Figure 1.2B). As the size of 
nanoparticles is much smaller than the wavelength of incident light, these 
nanoparticles feel uniform external electric field without phase retardation.18 
Thus, the behavior and expression of LSPR are entirely different from that of 
SPPs. When LSPR of a nanoparticle is excited by an external field, a dipole is 
generated in the nanoparticle and creates an opposite electric field to the 
external electric field. The induced dipole moment (p) can be expressed as 
Equation 1.2:18 
0 1   0p E=         (1.2) 
in which ε0 denotes the vacuum permittivity, α denotes the polarizability of 
nanoparticle, and E0 denotes the external electric field. For nanosphere, the 





      
         (1.3) 
in which R is the radius of nanosphere. The electric field inside (Eint) and 











 ext 0 u p u pE E        (1.5) 
in which 
/ ru r          (1.6) 
r is the position vector from the sphere center to observation point, and r is the 
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distance between the sphere center and observation point. Thus, the 
polarizability and internal field of nanosphere exhibit a resonance behavior 
whenever 
' 2 " 2
2 1 2 1 2( ) 2 ( ( ) 2 ) ( ( )) minimum             (1.7) 
in which ε2’(ω) and ε2”(ω) are the real and image parts of the dielectric constant 
of metal. As ε1 is generally positive, Equation 1.7 reaches its minimum only 
when 
 '2 1( ) 2           (1.8) 
When Equation 1.8 is fulfilled, the electric field near the surface (Eint) of 
nanosphere is strongly enhanced to the incident field, while the electric field 
outside the nanosphere (Eext) quickly decays with 1/r3 in the surrounding 
medium. As the dielectric constant of the environment medium is general 
positive, only several noble metals with negative real part of dielectric constant 
possess LSPR in visible and NIR range.19-21  
Optical cross sections of nanosphere is well described by Mie theory, 
based on the polarizability of nanoparticle. Absorption (σabs), scattering (σsca) 











k                   (1.10) 
ext sca abs                   (1.11) 
where k1 is the wave vector of the incident light in dielectric medium. For a 
nanosphere, it exhibits maximal absorption, scattering and extinction cross 
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section, when Equation 1.8 is fulfilled. This indicates that nanosphere reaches 
its maximal optical cross section and electric field enhancement at the same 
wavelength. 
 
Figure 1.3 Calculated spectra of the efficiency of absorption (red dashed), 
scattering (black dotted), and extinction (green solid) for gold nanospheres with 
diameter of (A) 20 nm, (B) 40 nm, and (C) 80 nm. (D)  Surface plasmon 
extinction maximum of nanosphere with different diameter. Reprinted with 
permission from P. K. Jain et al. J. Phys. Chem. B 2006, 110, 7238. Copyright 
2006 American Chemical Society. 
It is well known that LSPR and optical cross sections are strongly 
dependent on the size, shape and local environment of noble metal 
nanoparticles.1,26 Figure 1.3 shows the influence of size on the extinction, 
absorption and scattering efficiency, by simulation based on Mie theory.27 With 
increasing the size of nanosphere from 20 nm to 80 nm, the ratio of scattering 
to absorption hugely increases (Figure 1.3A-C). Based on Equation 1.3, 1.9 
and 1.10, it is easy to find that absorption cross section increases at a rate of R3, 
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while scattering cross section increases at a rate of R6. Thus, scattering cross 
section increases much faster than absorption cross section, with increasing the 
diameter of nanosphere. The extinction maximum is red-shifting with 
increasing the diameter of nanosphere, while scattering and absorption exhibit 
similar trend (Figure 1.3D). When the size of nanosphere increases, it cannot 
feel a homogeneous electric field, due to the time-dependent variation of electric 
field. This inhomogeneous electric field results in phase retardation across the 
nanoparticle.28,29 This phase retardation effect affects the oscillation frequency 
and charge distribution in the nanosphere, resulting in red-shifted extinction 
maximum and multipolar moment in the nanosphere.15  
Shape of noble metal nanoparticles is another important factor in LSPR. 
Figure 1.4A-L show the TEM images and corresponding extinction spectral 
profiles of various shapes of Au nanoparticles.26 With a tight control over the 
shape of Au NPs, the SPR can be effectively tuned from ultraviolet to NIR range 
as desired. It is noteworthy that Au nanorods exhibit two LSPR peaks, and one 
of them is strongly dependent on their aspect ratio, known as longitudinal mode. 
This mode is originated from the collective oscillation along the longer axis of 
Au nanorods, while the other mode is originated from the collective oscillation 
along the shorter axis, known as transverse mode. By increasing the aspect ratio, 
the longitudinal mode of Au nanorods can be tuned continuously from visible 
to NIR range.30,31 This feature is of great importance that the LSPR can be 
exactly controlled based on the requirements of electric field enhancement.1 As 
Mie theory is limited at simulation of spherical nanoparticles, it cannot provide 
simulation support to arbitrary shapes of noble metal nanoparticles. Gans et al. 
extended Mie theory to spheroidal particles, by introducing anisotropic 
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polarizability.32-34 However, Mie theory and Gans theory are only accurate, 
when fulfill the condition that the diameter of nanoparticles are much smaller 
than the light wavelength. Moreover, only several shapes of nanoparticles can 
be simulated by these method. To overcome these limitations, numerical 
methods, such boundary element method (BEM), discrete dipole approximation 
(DDA), and finite difference in the time domain (FDTD), have been developed 
to achieve more accurate simulation of arbitrary shapes of noble metal 
nanoparticles.35 
 
Figure 1.4 (A-J) TEM images of different shapes of Au nanoparticles: (A) 
nanospheres; (B) nanocubes; (C) nanobranches; (D-F) nanorods with increasing 
aspect ratios;  (G-J) nanobipyramids with increasing aspect ratios. (K) 
Normalized extinction spectra of the nanospheres (black), nanocubes (red), and 
three nanorod samples (green, blue and purple). (L) Normalized extinction 
spectra of the four nanobipyramid samples (red, green, blue and purple) and 
nanobranches (black). (M) Dependence of the longitudinal plasmon shift on the 
refractive index of the liquid mixture for the nanorods of 653nm (blue circles) 
and nanobipyramids with a longitudinal plasmon wavelength of 1096nm (red 
squares). Reprinted with permission from H. Chen et al. Langmuir 2008, 24, 
5233. Copyright 2008 American Chemical Society. 
Refractive index of the surrounding medium is also an important factor 
affecting the LSPR of noble metal nanoparticles. Figure 1.4M shows the LSPR 
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shift of Au nanorods and nanobipyramids induced by changing the refractive 
index of solvent (n1). The origin of this LSPR shift can be explained by Mie 
theory, in which the dielectric constant ( 21 1n  ) of surrounding medium is an 
important factor to determine LSPR wavelength. Refractive index sensitivity of 
distinct LSPR is dependent on the curvature, LSPR wavelength and 
polarizability of nanoparticles. Chen et al. reported that Au nanoparticles with 
higher curvature possess larger refractive index sensitivity.26 Lee et al. found 
that Ag is a better candidate for refractive index sensing than Au, owing to larger 
magnitude of the dipole moment and polarizability of Ag nanoparticles.36 The 
LSPR shift induced by changing refractive index can be utilized as real-time 
sensor in a wide field, such as organic molecular sensor, bio-molecular 
recognition, and diagnosis of Alzheimer’s disease.37-40 
Previous studies mainly focused on the large ensembles of noble metal 
nanoparticles. This is due to the relatively simple equipments, easy sample 
preparation and wide application of Au NP ensembles in biological sensing and 
imaging. However, sample inhomogeneity in the large ensembles limits the 
further study of the intrinsic properties of noble metal nanoparticles. Recently, 
several novel techniques have been developed and utilized to measure 
absorption, scattering or photoluminescence properties on single nanoparticle. 
Among these techniques, scanning electron microscopy (SEM) coupled single-
particle spectroscopy is an essential method to study the correlation between the 
optical properties and morphology of single noble metal nanoparticles (Figure 
1.5A and 1.5E). Moreover, this technique allows polarization-dependent 
measurements of the optical properties as the orientation of single noble metal 
nanoparticles can be probed by SEM. Nehl et al. reported that the scattering 
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spectra of a single Au nanostar exhibit huge difference under white light with 
different polarization angle (Figure 1.5A-C).41 This is impossible in ensemble 
measurements as the fast rotation of Au NPs in solution. Moreover, plasmonic 
sensor based on single noble metal nanoparticles displays better sensitivity, 
owing to the sharp LSPR peak. Duyne group has demonstrated a lot of 
plasmonic sensors for detecting organic molecules,40 streptavidin38 and even 
disease,39 based on the model in Figure 1.5D. These advantages of single 
particle technique make it possible to study the inherent properties of noble 
metal nanoparticles, without the influence of sample inhomogeneity. 
 
Figure 1.5 (A) SEM image of a single Au nanostar. (B) Polarization-dependent 
scattering spectra of a single Au nanostar. (C) Scattering peak intensities at 720 
nm and 800 nm versus polarization angle of white light. Reprinted with 
permission from C. L. Nehl et al. Nano Lett. 2006, 6, 683. Copyright 2006 
American Chemical Society. (D) Scheme of plasmonic sensor. (E) Dark-field 
optical image of a field of Ag nanoparticles. Reprinted with permission from A. 




1.2 Photoluminescence of noble metal nanoparticles 
Photoluminescence (PL) of noble metal nanoparticles is one of the most 
striking and applicable properties, arising from the near-field enhancement from 
LSPR. PL from smooth gold films was first reported by Mooradian in 1969, 
with a low quantum yield of ~10-10.42 The mechanism was ascribed to the direct 
radiative recombination of electrons in the conduction band with holes in the 
valence band. Later, Boyd et al. found that PL from rough noble metal film is 
much stronger than smooth one.43 This discrepancy is ascribed to the hot spots 
generated at the protrusions on the rough film, termed lightning rod effect. 
Lightning rod effect was first proposed by Gersten in 1980 to elucidate the 
phenomenon of surface enhanced Raman scattering (SERS) on rough surface.44 
This model provides perfect explanation on the phenomenon of SERS, which 
can be ascribed to the strong enhancement of the local electric field at the sharp 
protrusions of the surface.44-46 This enhancement of local electric field is also 
highly significant in explanation of the other promising optical properties, such 
as PL of rough noble metal film.  
 
Figure 1.6 Photo-thermal (A) and luminescence (B) images of single 
nanoparticles. (C) Quantum yield of Au nanorods and nanospheres versus their 
LSPR wavelengths. Reprinted with permission from M. Yorulmaz et al. Nano 





Figure 1.7 (A) Schematic diagrams of band structures near the X and L 
symmetry points. ħω denotes the photon energy of the PL, from radiative 
electron-hole recombination. (B) Two-photon photoluminescence spectrum of 
a single gold nanorod, based on an apertured scanning near-field optical 
microscope. Reprinted with permission from K. Imura et al. J. Phys. Chem. B 
2005, 109, 13214. Copyright 2005 American Chemical Society. 
Due to the low quantum yield from bulk noble metal, application on the 
PL of gold remained stagnant until people found the quantum yield was hugely 
enhanced in noble metal nanoparticles.47 In comparison with bulk Au film, Au 
nanorods have much higher quantum yield, on the order of 10-4 to 10-3.47 The 
authors proposed that this huge enhancement is due to the enhanced incoming 
and outgoing light via coupling to the strong local electric field of gold nanorods. 
More importantly, Mohamed et al. found that the quantum yield of Au nanorods 
was strongly dependent on the aspect ratio of Au nanorods.47 These findings 
suggests that the lightning rod effect is strongly dependent on the shape of Au 
nanoparticles. This triggers tremendous interest in studying the lightning rod 
effect on various shapes of Au nanoparticles. Later, Wu et al. reported that Au 
nanocubes exhibit a large quantum yield, on the order of 10-2.48 In a very recent 
work by Yorulmaz and coworkers, the quantum yield of a single Au nanorod 
was found to be 10 times larger than a single nanosphere (Figure 1.6).49 It is 
particularly promising as it compared the quantum yield of different shapes of 
gold nanoparticles on single particle level, which eliminates the sample 
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inhomogeneity in ensemble-based measurements. Based on the above review of 
the enhancement of quantum yield of various shapes, the lightning rod effect is 
strongly dependent on the shape. Thus, systematical research is required to 
compare lightning rod effect on various shapes. 
1.2.1 One-photon Photoluminescence 
According to the excitation process, the PL of Au nanoparticles can be 
divided into two categories: one-photon photoluminescence (OPPL) and multi-
photon photoluminescence. OPPL of Au nanoparticles was a two-step process 
which is similar as dyes. First, holes in the d band (valence band) were generated 
by exciting electrons to the sp band (conduction band). Then the electrons from 
the conduction band recombine with the holes through radiative relaxation at 
quite low efficiency, since most of the recombination occurs through 
nonradiative relaxation. Based on the calculated band structure, the electron-
hole recombination in Au nanoparticles preferentially takes place near the L and 
X symmetry points of the first Brillouin zone, due to the high density of states 
near these symmetry points (Figure 1.7A).50,51 This process occurs at the same 
place in the emission process of multi-photon photoluminescence.52 Imura et al. 
reported that two emission peaks were observed at 550 nm (L-band) and 650 
nm (X-band) in the near-field emission spectrum of a single Au nanorod (Figure 
1.7B).52  
OPPL intensity (POPPL(ω2)) from a noble metal nanoparticle is strongly 
enhanced by the local electric field, which can be expressed as Equation 
1.12:43,53-55 
24 2 2
OPPL 2 1 0 1 2( ) 2 [ ( ) ( )]P E V L L               (1.12) 
where β1 is a proportional constant of intrinsic emission from bulk metal, E0 is 
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the electric field of incident light, V is the volume of nanoparticle, and L(ω1) 
and L(ω2) are the local electric field enhancement factors at excitation and 
emission wavelengths, respectively. This equation indicates that both the 
incoming and outgoing light could be strongly amplified by the local electric 
field of Au nanoparticles.  
 
 
Figure 1.8 (A) Ensemble-based fluorescence spectra of Au nanorods with 
longitudinal modes centered at ~600, ~630, ~660, ~730 and ~800 nm, 
respectively. Excitation wavelength is 480 nm. Reprinted with permission from 
M. B. Mohamed et al. Chem. Phys. Lett. 2000, 317, 517. Copyright 2000 
American Chemical Society. (B) Normalized PL (solid line) and dark-field 
scattering (open circles) spectra of single Au nanorods. Reprinted with 
permission from Y. Fang et al. ACS Nano 2012, 6, 7177. Copyright 2012 
American Chemical Society. 
Mohamed et al. reported that Au nanorods exhibit red-shifted emission 
signal with longitudinal mode at longer wavelength (Figure 1.8A). This is 
ascribed to the local field enhancement of Au nanorods at emission 
wavelength.47 Fang et al. reported similar results by using single particle 
microscopy, but the emission spectra of single Au nanorods perfectly resemble 
their corresponding longitudinal modes (Figure 1.8B).56 This discrepancy is 
ascribed to the sample inhomogeneity in ensemble-based measurements. Au 
nanorods with longitudinal modes near excitation wavelength are preferentially 
excited, and consequently affect the final spectral profile of emission. The 
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comparison between these two works indicates that single particle technique 
can avoid the inhomogeneous broadening effects in ensemble measurements, 
and bring more intrinsic information of Au nanoparticles. 
1.2.2 Two-photon Photoluminescence 
Multi-photon absorption is a non-linear light-matter interaction, which 
was first predicted by Göppert-Mayer.57 In 1961, Kaiser et al. reported the first 
observation of two-photon absorption in CaF2:Eu2+ crystal.58 Two-photon 
photoluminescence (TPPL) is the most promising and practicable one among 
all the multi-photon photoluminescence. This is ascribed to the NIR excitation 
source for TPPL, which has a large penetration depth in bio-tissues.6 In 
comparison with OPPL, TPPL only occurs at the focus of the laser beam, as it 
quadratically depends on the excitation power of laser (Figure 1.9A). This 
allows precise excitation in three dimensions, which can be applied in three-
dimensional cell imaging.59 This confined excitation point can also reduce 
photo-bleaching of contrast agent and photo-damage of bio-tissues, which is 
actually helpful for photodynamic therapy.5,60-63 In comparison to conventional 
organic dyes and quantum dots, Au nanoparticles exhibit better photo-stability, 
low cytotoxicity and excellent biocompatibility, and do not suffer from photo-
blinking effect.64-66 These promising properties make Au nanoparticles an 
excellent contrast agent in biological applications. Durr et al. have demonstrated 
Au nanorods can be used as bright contrast agents for three-dimensional TPPL 
imaging of cancer cell with 75 μm depth (Figure 1.9B & 1.9C).67 Wang et al. 
first reported the in-vivo TPPL imaging of single gold nanorods flowing in 
mouse ear blood vessel.68 It provides an innovative way to successfully apply 





Figure 1.9 (A) Schemes of linear and non-linear excitation. Reprinted with 
permission from F. Helmchen et al. Nat. Methods 2005, 2, 932. Copyright 2005 
Nature Publishing Group. TEM image of Au nanorods (B) and corresponding 
two-photon cell image (C). Reprinted with permission from N. J. Durr et al. 
Nano Lett. 2007, 7, 941. Copyright 2007 American Chemical Society. 
The relationship between TPPL intensity (PTPPL(ω2)) and local electric 
field from a noble metal nanoparticle can be expressed as below:43 
4 2
TPPL 2 1 2( ) [ ( ) ( )]P L L                (1.13) 
where L(ω1) and L(ω2) are the local electric field enhancement factors at 
excitation and emission wavelengths, respectively. In comparison to OPPL, 
TPPL depends fourth power of local electric field enhancement factor at 
excitation wavelength, owing to two-photon absorption. This leads to large 
absorption cross section of noble metal nanoparticles, in comparison to 
conventional dyes. Wang et al. reported that the TPPL intensity of a single gold 
nanorod is 58 times higher than that of a single rhodamine 6G molecule.68 Later, 
Zijlstra et al. reported that two-photon action (TPA) cross section is ~3×104 GM 
for single Au nanorods (average aspect ratio 4, average size 44×12nm), which 
is much larger than that of conventional organic dyes (typically, 10 GM).10,64 
These large TPA cross sections of Au nanoparticles is highly advantageous in 
bio-imaging. It is noteworthy that previous works on biological application of 
TPPL mainly focused on using the visible part of photoluminescence. As the 
bio-tissues are not transparent to visible light, the efficiency is not so high by 
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using visible signal for contrast generation. Recently, both Beversluis et al. and 
Fang et al. reported that Au nanoparticles exhibit strong emission signal in NIR 
range.56,69 Systematical investigation in NIR emission of Au nanoparticles could 
provide the basis for the potential application of NIR signal in bio-imaging. 
 
 
Figure 1.10 (A) Excitation schemes of sequential one-photon absorptions near 
the X and L symmetry points. Open and closed circles denote holes and 
electrons, respectively. Reprinted with permission from K. Imura et al. J. Phys. 
Chem. B 2005, 109, 13214. Copyright 2005 American Chemical Society. (B) 
Two-pulse emission modulation of fluorescein, Au nanorods, and coupled Au 
nanospheres. Reprinted with permission from X. Jiang et al. J. Phys. Chem. Lett. 
2013, 4, 1634. Copyright 2013 American Chemical Society. 
In contrast to the simultaneous absorption of two photons observed in 
organic dyes, two-photon excitation of Au nanoparticles involves two sequential 
one-photon absorption process.70,71 The first absorption process is an intraband 
transition, in which an electron from the sp band below the Fermi energy is 
excited to the sp band above the Fermi energy. The second absorption process 
is an interband transition, in which the hole in the sp band is filled by the excited 
electron from the d band (Figure 1.10A). Sequential two-photon absorption of 
Au nanoparticles has been demonstrated by using two-pulse emission 
modulation technique (Figure 1.10B).71 Two pulses with different time delays 
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were used to sequentially excite the electrons in sp and d bands of Au 
nanoparticles. By increasing the delay time of two pulses, TPPL intensity of Au 
nanoparticles decrease much slower than that of fluorescein. These results 
indicate that an intermediate state involves in the two-photon excitation process 
of Au nanoparticles, which does not exist in organic dyes. It is noteworthy that 
the first absorption process, intraband transition, is dipole-forbidden in bulk 
metal. However, it exhibits large cross section in Au nanoparticles, ascribed to 
higher-order multipolar transition induced by intense evanescent field near the 
surface of Au nanoparticles.69  
1.2.3 Emission Mechanisms 
Emission from Au nanoparticles was initially attributed to the radiative 
recombination of electrons in sp band and holes in d band, based on the results 
of Au film.42 Due to sample inhomogeneity, ensemble-based 
photoluminescence of Au nanoparticles displayed broad emission peaks, which 
were attributed to the radiative decay near the X and L symmetry points.47,50,51,72 
On single particle level, however, researchers found that photoluminescence 
spectra of single Au nanoparticles perfectly matched the scattering spectra, 
which was different from the results of ensemble measurements.49,56,69,73  In 
order to elucidate the close resemblance, two emission mechanisms have been 
proposed. The first mechanism is called plasmon-modulated interband 
transition. The emission is from direct radiative recombination of the electron-
hole pairs, followed by plasmon-induced modulation, which selectively 
enhance the emission rate at the LSPR frequency.47,69 The other mechanism, 
plasmon emission, assumes that a LSPR is generated by the non-radiative 
recombination of electron-hole pairs, and this LSPR consequently emits a 
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photon of the same energy.47,56,69,73 Both of these two mechanisms emphasize 
that LSPR plays an important role in the emission process, and result in 
resemblance of TPPL spectra and extinction spectra.  
 
Figure 1.11 Normalized scattering and photoluminescence spectra of a single 
Au nanorod, excited by 532 nm laser (left) or 785 nm laser (right). Reprinted 
with permission from Y. Fang et al. ACS Nano 2012, 6, 7177. Copyright 2012 
American Chemical Society. 
To clarify the role of LSPR in emission process, Fang et al. utilized both 
532 nm laser and 785 nm laser to excite single Au nanorods.56 Both of the results 
exhibited perfect resemblance between scattering and photoluminescence 
spectra. As 785 nm is not capable to excite interband transition of Au 
nanoparticles, the emission signal was ascribed to the intraband transition. 
Based on this result, they proposed that the emission process of Au 
nanoparticles is plasmon emission, which can be extended to the emission 
process excited by 532 nm laser. For 532 nm laser excitation, they proposed that 
the hot electrons lose their energy non-radiatively and convert to LSPR. This 
LSPR emits a photon of the same energy, as the process of intraband transition. 
However, this conversion from the hot electrons to LSPR still lacks supporting 
evidence, as plasmon-modulated emission mechanism can also well illustrate 
this perfect resemblance. Up to now, these findings only indicate a strong 
correlation between photoluminescence and LSPR. These two mechanisms still 
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cannot reach an agreement about the role of LSPR, due to lack of evidence. 
1.3 Plasmon Coupling 
When two noble metal nanoparticles move toward each other, their 
plasmon modes will interact with each other, and induce huge near field 
enhancement and promising optical properties, known as plasmon coupling 
(Figure 1.12A). This plasmon coupling could be analogized to dipole-dipole 
interaction between individual dyes in their aggregates (Figure 1.12B).74-77 
Individual plasmon modes from each nanoparticle form bonding and anti-
bonding plasmon modes after plasmon coupling, which perfectly illustrates the 
plasmon peak shift after plasmon coupling.77,78 Later, Guerrero-Martínez et al. 
extended this analogy to 2D and 3D coupling of plasmonic nanoparticles, and 
correlated plasmonic concepts with molecular concepts (Figure 1.12C).79  
 
Figure 1.12 (A) Electric field intensity distribution in the dimer of Au 
nanosphere with a gap of 3 nm, by using FDTD method. Reprinted with 
permission from R. Thomas et al. J. Phys. Chem. C 2012, 116, 21982. Copyright 
2012 American Chemical Society. (B) Scheme illustrating the plasmon coupling 
in a dimer. Reprinted with permission from P. Nordlander et al. J. Phys. Chem. 
C 2004, 4, 899. Copyright 2004 American Chemical Society. (C) Plasmonic 
nanostructures based on molecular concepts: red and blue lines respectively 
show the correlated evolution of molecules and plasmonic nanostructures. 
Reprinted with permission from A. Guerrero-Martínez et al. ACS Nano 2012, 6, 
3655. Copyright 2012 American Chemical Society. 
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Depending on the excitation polarization, the LSPR peaks of coupled 
Au nanoparticles display opposite shift to the LSPR peak of isolated Au 
nanoparticle (Figure 1.13).80 When the excitation polarization is parallel to the 
assembly axis of Au nanoparticle dimer, bonding plasmon mode is optically 
visible, and it displays gradual red-shift with decreasing the gap distance 
(Figure 1.13A). This is because the attractive force between two nanoparticles 
is in the same direction with the driving force for oscillation, resulting in lower 
resonance frequency (Figure 1.13D). When the excitation polarization is 
orthogonal to the assembly axis of Au nanoparticle dimer, anti-bonding plasmon 
mode is optically visible, and it displays gradual blue-shift with decreasing the 
gap distance (Figure 1.13B). This is because the attractive force between two 
nanoparticles is in the opposite direction with the driving force for oscillation, 
resulting in higher resonance frequency (Figure 1.13E). The decay of the LSPR 
peak shift under parallel excitation can be fitted as an exponential function of 
the gap size scaled by the diameter of the nanoparticle (Figure 1.13C), known 





                   (1.14) 
where λ0 is the LSPR peak position of isolated Au nanoparticle, Δλ0/λ0 is the 
fractional plasmon shift after coupling, A is a constant obtained from fitting, s 
is the gap size between two nanoparticles, and D is the diameter of nanoparticle. 
In comparison to the smaller effective range (1-10 nm) of Förster resonance 
energy transfer, the distance-dependent plasmon coupling can be used as a 




Figure 1.13 Extinction spectra of a 2D array of the Au nanoparticle dimers with 
different gap distance, in which the excitation polarization is parallel (A) or 
orthogonal (B) to the assembly axis. The diameter of Au nanoparticles is 150 
nm. (C) Extinction peak position versus gap distance for Au nanoparticle dimers, 
in which excitation polarization is parallel (rhombs) or orthogonal (circles) to 
the assembly axis. Schemes of Au nanoparticle dimer with excitation 
polarization parallel (D) or orthogonal (E) to the assembly axis. Reprinted with 
permission from W. Rechberger et al. Opt. Comm. 2003, 220, 137. Copyright 
2003 American Chemical Society. 
Similar as the large LSPR shift, local field enhancement factor also 
displays huge change with decreasing the gap distance (Figure 1.14). Thomas 
reported that the local field intensity between two Au nanoparticles strongly 
increase with decreasing the gap size.85 This huge enhancement of local field is 
beneficial for a lot of non-linear optical properties, such as surface-enhanced 
Raman scattering (SERS) and TPPL, ascribed to their non-linear dependence on 
the local field intensity.43,86 Raman scattering is related with the vibration of 
molecules, which supplies the fingerprint of molecular vibrational modes. Due 
to the low efficiency of Raman scattering, its signal is hard to be detected. 
Camden et al. reported that single-molecule SERS activity could be easily 
achieved with SERS enhancement factors of 109 by using Ag nanoparticle 
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dimers as substrate.87 This makes SERS an effective and highly sensitive tool 
for detecting molecules. TPPL is also strongly affected by the local field 
intensity. Ueno et al. reported that TPPL intensity of Au nanocubes with tip-to-
tip coupling displays huge decrease with increasing the gap distance, which 
decreases the local field intensity between the adjacent tips.88 Moreover, 
Ghenuche et al. investigated the TPPL distribution of linearly coupled Au 
nanorod dimers and demonstrated that TPPL intensity reaches its maximum at 
the gap area.89 This further indicates huge local field enhancement exists at the 
gap area. Recently, Yuan et al. reported that different TPPL enhancement factors 
can be observed by inducing aggregation of Au nanoparticles by double strained 
DNA with different lengths. This phenomenon could be utilized as a powerful 
tool to detect the length of double strained DNA.90 
 
Figure 1.14 Electric field intensity distribution profiles in the vicinity of the Au 
nanoparticle dimers, with a gap size of 3 nm (A), 6 nm (B), 9 nm (C) and 12 nm 
(D). The excitation polarization is parallel to the assembly axis. Reprinted with 
permission from R. Thomas et al. J. Phys. Chem. C 2012, 116, 21982. Copyright 




1.4 Preparation of Noble Metal Nanoparticles 
Preparation of Au colloid was first reported by Faraday through 
phosphorous reduction in 1857.91 Through two centuries of development, 
methods and mechanisms for preparation of noble metal nanoparticles with 
different size, shape and composition have been well established. Generally, the 
preparation methods can be divided into two categories: top-down (photo-, ion-, 
and electron-beam lithography) and bottom-up (wet chemical process, vapor-
phase deposition, and electrodeposition).92 In comparison to other methods, wet 
chemical process is capable to prepare nanoparticles with less grain boundaries 
and well-defined facets. Sambles et al. reported that the grain-boundary 
scattering strongly accelerate plasmon damping in noble metal films.93 Recently, 
Bosman et al. demonstrated that thermal annealing of polycrystalline Au 
nanorods can reduce the grain boundaries and increase quality factor (less 
plasmon damping). However, the quality factors of annealed polycrystalline Au 
nanorods are still smaller than that of single-crystalline Au nanorod prepared by 
wet chemical process.94 These results indicate that nanoparticles prepared by 
wet chemical methods are beneficial for optical studies.  
A lot of wet chemical methods, including citrate reduction, light-
mediated growth,95,96 seed-mediated growth,97,98 and polyol reduction,99,100 
have been well developed to prepare noble metal nanoparticles, with a deep 
understanding of their mechanisms. Au nanoparticles prepared by citrate 
reduction was first reported by Turkevich in 1951.97 Later, Lee et al. extended 
this method to prepare Ag nanoparticles.101 In this method, citrate ions play a 
role as reducing agent, as well as surfactant. Light-mediated growth is generally 
used to prepare disk-like Ag nanoparticles, as first reported by Jin et al.102 Later, 
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Jin et al. found that the size of the final Ag nanoparticles is strongly related to 
the excitation wavelength.103 Illuminating with longer excitation wavelength, 
Ag nanoparticles with larger size will be obtained. Later, Pietrobon et al. 
reported the preparation of decahedral Ag nanoparticles with tunable size by 
using photo-mediated growth.104 However, one major disadvantage of these two 
methods is its low capacity in shape control, which limits their application in 
preparation of noble metal nanoparticles. In contrast, seed-mediated growth, 
seedless growth and polyol reduction exhibit perfect capacity in shape control, 
which will be mainly used in this thesis. 
1.4.1 Seed-mediated Growth 
Seed-mediated growth is a well-developed method to prepare noble 
metal nanoparticles, especially anisotropic nanoparticles, under mild reaction 
condition in aqueous solution. This method usually involves two steps: (1) 
prepare small nanoparticle seeds, and (2) place these seeds in growth solution 
containing metal precursor and shape-directing agent. The separation of 
nucleation and growth provides more precise control on the shape of 
nanoparticles. A variety of shapes, such as sphere, rod, cube, triangle, and 
branch, have been prepared by this method with modified conditions.105-107 
Au nanorods with different aspect ratios are one of the most attractive 
shapes, owing to its continuously tunable LSPR. Seed-mediated growth of Au 
nanorods was first developed by Jana et al.108,109 In their method, 3 nm citrate-
stabilized penta-twinned Au nanoparticles were utilized as seeds, and 
consequently penta-twinned Au nanorods with aspect ratios from 6 to 20 were 
obtained with high yields. This kind of penta-twinned Au nanorods is capped 
with Au {111} facets at the end and Au {100} or {110} facets at side surface 
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(Figure 1.15A). Later, Nikoobakht et al. reported Ag-assisted preparation of Au 
nanorods.110 In their method, 1.5 nm CTAB-stabilized single-crystalline Au 
nanoparticles were utilized as seeds instead. Single-crystalline Au nanorods 
with aspect ratio from 2 to 5 were obtained. Recently, Goris et al. investigated 
the atomic structure of Au nanorods by using high-angle annular dark-field 
scanning transmission electron microscopy. Their results indicate that the cross 
section of single-crystalline Au nanorods is a regular octagon, comprised by 
{100}, {110} and {010} facets (Figure 1.15B).111 The aspect ratio of Au 
nanorods is strongly affected by the concentration of Ag ions. Three 
mechanisms have been proposed to explain the manner of Ag ions in controlling 
aspect ratio of Au nanorods: (1) a monolayer of Ag atoms preferentially deposit 
on the longitudinal facets of Au nanorods and block isotropic deposition of Au 
atoms, (2) Ag ions change the shape of CTAB micelles from sphere to cylinder, 
which are used as soft template for the growth of Au nanorods, and (3) CTAB-
Ag+ complex preferentially adsorb on the longitudinal facets of Au NRs and 
block the deposition of Au atoms on these facets.112 Recently, Jackson et al. 
demonstrated that there is no preference for Ag deposition on a specific face of 
Au nanorods, by using advanced energy dispersive X-ray spectroscopy.113 This 




Figure 1.15 Schemes of Au nanorods prepared by using citrate-capped seeds 
without Ag+ (A) and CTAB-capped seeds in the presence of Ag+ (B). Reprinted 
with permission from C. J. Orendorff et al. J. Phys. Chem. B 2006, 110, 3990. 
Copyright 2006 American Chemical Society. Reprinted with permission from 
B. Goris et al. Nat. Mater. 2012, 11, 930. Copyright 2012 Nature Publishing 
Group. 
Au nanoparticles with high-index facets can be obtained by increasing 
the concentration of Ag ions. Personick et al. reported that the shape of Au 
nanoparticles changes from octahedra to concave cubes, with increasing the 
concentration of Ag ions in growth solution (Figure 1.16A).114 This is because 
a monolayer coverage of Ag atoms onto Au nanoparticles can help to stabilize 
the high-index facets of Au nanoparticles. By increasing the concentration of 
Ag ions, Ag atoms are much easier to deposit onto the surface of Au 
nanoparticles by underpotential deposition. Models of four kinds of facets 
indicate that the maximum number of surface atoms on Au nanoparticles 
increases in the order n{110}<n{310}<n{720}<n{111} (Figure 1.16B). This 
indicates that Au {111} facet requires more Ag atom for stabilization than the 
other facets, which is inconsistent with previous discussion. However, as the 
surface energy of different facets increases in the order of γ{111}< γ{110}< 
γ{hjk}, Au {111} facet does not require that many Ag atoms for stabilization.115 
Aside from Ag ions, halide ions play another key role in shape control of Au 
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nanoparticles by affecting the underpotential deposition of Ag ions (Figure 
1.16C).116 Langille et al. reported that concave cubes, tetrahexahedra, and 
stellated nanoparticles could be prepared under high concentration of chloride, 
bromide and iodide, respectively.116 Halide ions are strongly adsorbed onto the 
surface of Au nanoparticles, and consequently affect the stabilization of Ag 
monolayer on Au nanoparticles. As halide ions can also stabilize the high-index 
facets, Au nanoparticles with high-index facets can be prepared with less Ag 
ions in growth solution. 
 
Figure 1.16 (A)  SEM images of octahedra, rhombic dodecahedra, truncated 
ditetragonal prisms, and concave cubes (from left to right) with increasing the 
concentration of Ag ions in growth solution. (B) Maximum number of surface 
atoms per unit area of different facets of Au nanoparticles. Reprinted with 
permission from M. L. Personick et al. Nano Lett. 2011, 11, 3394. Copyright 
2011 American Chemical Society. (C) Effect of varying the Ag layer on Au 
nanoparticles with high concentrations of chloride, bromide, or iodide in the 
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growth solution. Reprinted with permission from M. R. Langille et al. J. Am. 
Chem. Soc. 2012, 134, 14542. Copyright 2012 American Chemical Society. 
Ag nanoparticles with different sizes and shapes have been successfully 
prepared by using seed-mediated growth. Jana et al. extended the method for 
preparation of Au nanorods to prepare Ag nanorods with aspect ratio from 2.5 
to 15.117 Pietrobon reported that penta-twinned Ag nanorods with length from 
50 nm to 2 μm could be prepared by using decahedral Ag nanoparticles as 
seeds.118 Zeng et al. demonstrated that capping agent plays an important role in 
shape control of Ag nanoparticles.119 By using single-crystalline Ag 
nanoparticles as seeds, Ag nanooctahedra were obtained by using citrate as 
capping agent, while Ag nanocubes were obtained by using PVP as capping 
agent. This difference is owing to the selective adsorption on Ag facets by 
different capping agents. 
1.4.2 Polyol Reduction 
Polyol reducation, in contrast to seed-mediated growth, generally reacts 
at high temperature. Polyol, such as ethylene glycol or 1,5-pentanediol, are 
utilized as both solvent and reducing agent. A polymer, typically poly(vinyl 
pyrrolidone) (PVP), is used as capping agent to facilitate the formation and 
stabilization of noble metal nanoparticles. Various shapes of noble metal 
nanoparticles, such as sphere, cube, rod, rice, octahedron, and right bipyramid 
have been successfully prepared by this method (Figure 1.17).99,120  
Ag nanoparticles prepared by using polyol reduction have attracted a lot 
of attention after the pioneering work by Sun et al.121 The process of polyol 
reduction also includes two step, similar as seed-mediated growth. In the step 
of nucleation, it is possible to form both single-crystalline and poly-crystalline 
seeds. The crystalline of final nanoparticles is strongly related to the crystalline 
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of seeds. Wiley et al. and Im et al. demonstrated that single-crystalline Ag 
nanocubes could be obtained in ethylene glycol by using single-crystalline Ag 
seeds.122,123 The twinned seeds from nucleation were preferentially etched by 
Cl- and air in the growth process. Later, Zhang et al. reported the edge length of 
Ag nanocubes could be controlled from 30 to 200 nm, by adjusting the ratio 
between seeds and Ag ions.124 Without addition of halide ions, single-twinned 
Ag nanoparticles were formed during nucleation. By using single-twinned Ag 
nanoparticles as seeds, Wiley et al. reported successful preparation of right 
bipyramid nanoparticles.125 
 
Figure 1.17 Schemes of the reaction pathways that lead to noble metal 
nanoparticles having different shapes. Reprinted with permission from X. Lu et 
al. Annu. Rev. Phys. Chem. 2009, 60, 167. Copyright 2009 Annual Reviews. 
Au nanoparticles prepared by using polyol reduction are less reported 
than that of Ag nanoparticles, as seed-mediated growth can easily prepare Au 
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nanoparticles with required size and shape. Yang et al. first reported that platonic 
Au nanoparticles could be successfully prepared by polyol reduction in ethylene 
glycol.126 Later, Seo et al. systematically investigated the relationship between 
the concentration of Ag ions and the shape of Au nanoparticles, by using polyol 
reduction in 1, 5-pentanediol. They found that the shape of Au nanoparticles 
changes from octahedron to cube to higher polygon, with increasing the amount 
of Ag ions.100 They proposed that Ag ions preferentially adsorb onto Au {100} 
facets and suppress the growth on these facets, which leads to a cubic shape. 
1.5 Experimental Techniques 
Spectroscopy provides various information in the light-matter 
interactions. Light with different frequency gives different information of the 
optical properties of matters resulting from such interactions. Recently, 
spectroscopic techniques on single particle level have been developed to 
eliminate the complication induced by sample inhomogeneity and provide new 
insight into the intrinsic optical properties. Here, a brief introduction of the 
spectroscopic techniques on single particle level will be described in this section. 
1.5.1 Pattern Matching Method 
 
Figure 1.18 Pattern matching of dark-field (A), SEM (B) and TPPL (C) images. 
Samples for single particle measurements were prepared by drop-casting 
the diluted nanoparticle solution on the pre-marked and pre-cleaned ITO 
substrates. The mark on ITO substrate can be observed in both scanning electron 
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microscopy (SEM) and dark-field microscope, allowing an accurate and fast 
positioning of the same area by using both types of microscopy techniques. A 
pattern matching method was utilized to correlate the morphology (determined 
by SEM) with scattering and TPPL properties (measured by optical microscope) 
of the same nanoparticles (Figure 1.18). Each spot in scattering and TPPL 
images corresponds to a single nanoparticles or a cluster of several nanoparticles. 
The same particle distribution in scattering, SEM and TPPL images indicates a 
successful correlation among the morphology and optical properties of the same 
nanoparticles. 
1.5.2 Dark-field Imaging and Scattering Spectra Experiments 
Dark-field imaging was performed on a custom-modified inverted 
Nikon Eclipse Ti microscope, based on dark-field slit-imaging technique 
(Figure 1.19). A quartz-tungsten-halogen lamp (100 W) coupled with an 
adjustable polarizer was employed as the polarized illumination source. White 
light with power density of ~2.8 W/cm2 was focused onto the sample by a dark 
field condenser (NA=0.80~0.95). The scattering light from the nanoparticles 
was collected by an oil immersion objective lens (100×, NA=0.5) and then 
detected by a Watec camera (WAT-902HZ Supreme). 
Single particle scattering spectra were measured by using a dark-field 
slit-imaging technique on the same microscope as described above with the 
same light source and objective lens (Figure 1.19). A three-dimensional 
piezoelectric translational stage (PI E-710) was utilized for precise positioning 
of the target particle. A sheet polarizer was placed before the condenser for 
polarization dependent scattering measurements. After locating the 
nanoparticles by dark field imaging using pattern matching method, the 
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scattering light by the nanoparticle of interest was detected by a CCD camera 
(Andor DR-328G-C01-SIL, cooled at 45 oC) integrated with a monochromator 
(Acton Spectra Pro 2150i). In order to reduce the scattering from the other 
particles, the entrance slit on the monochromator was narrowed to monitor a 
single particle. The final scattering spectra were corrected by subtracting the 
background spectra recorded at the position without any nanoparticle and then 
divided by the spectral profile of the light source. 
 
Figure 1.19 Single particle microscope setup for dark-field imaging and spectra 
measurements: 1) dark-field condenser, 2) three-dimensional piezoelectric 
translation stage, 3) oil immersion objective lens, 4) mirror, 5) convex lens, 6) 
flip mirror, 7) CCD camera for dark-field imaging, 8) monochromator and 9) 
CCD camera for scattering spectra measurement. 
1.5.3 Single Particle TPPL Measurements 
TPPL spectra and intensities were measured by using a home-built 
system as shown in Figure 1.20. The laser source was a mode-locked 
Ti:sapphire oscillator (Avesta Ti-Saphire TiF-100M), which gives 80-fs laser 
pulses with a repetition rate of 84.5 MHz. The wavelength of the laser beam 
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(820 nm or 785 nm) was determined by the requirements in each experiment. 
The laser beam was spatially expanded by a 5× beam expander, and filtered by 
800 nm long pass filter (820 nm excitation) or 785 nm clean-up filter (785 nm 
excitation) to eliminate non-lasing lines. A quarter waveplate and a polarizer 
were utilized to adjust the laser polarization. Then the laser beam was reflected 
by a 750 nm dichroic short pass filter (820 nm excitation) or 50:50 beam splitter 
(785 nm excitation) to the objective lens. After locating the nanoparticles by 
dark field imaging, their TPPL spectra were measured by focusing the 
femtosecond laser beam onto the single nanoparticles through the same 
objective lens (NA=0.5) with a diameter of 1.22λ/NA. The emission signal was 
collected by the same objective lens and filtered by a 750 nm short pass filter 
(820 nm excitation) or a 785 nm notch filter (785 nm excitation) to suppress the 
laser scattering. The spectra of the emission signals were obtained by a 
monochromator (Acton, Spectra Pro 2300i) coupled CCD (Princeton 
Instruments, Pixis 100B). The TPPL spectra were corrected by subtracting the 
background signal, which was recorded at the position without nanoparticles. 
TPPL intensities and images were measured by the raster-scanning 
method. To improve the signal to noise ratio and collection efficiency, the laser 
beam was focused onto the sample by an oil immersion objective lens (100×, 
NA=1.25) with a diameter of 1.22λ/NA. The emission signal was then sent to a 
photon counting photomultiplier detector (PicoQuant, PMA 182-N-M) coupled 
with PicoHarp 300 for imaging measurements. TPPL intensities of single 
particles were obtained by summing all the pixel intensity values in the TPPL 
image of the particles, corrected by subtracting the background intensities 
recorded at the position without any particle. Scattering spectra before and after 
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the TPPL measurements were measured to ensure no photo-thermal induced 
melting during the TPPL measurement process. 
 
Figure 1.20 Single particle microscope setup for TPPL imaging and spectra 
measurements: (1) 820 nm or 785 nm femtosecond laser, (2) beam expander, (3) 
mirrors, (4) 800 nm long pass filter or 785 nm clean-up filter, (5) quarter wave 
plate, (6) polarizer, (7) oil immersion objective lens, (8) three-dimensional 
piezoelectric translation stage, (9) 750 nm dichroic short pass filter or 50:50 
beam splitter, (10) 750 nm short pass or 785 nm notch filter, (11) convex lens 
and (12) photomultiplier detector coupled with PicoHarp 300 for imaging 
measurements, or spectrometer for spectra measurements.  
1.6 Objective and Significance 
Based on the review and discussion of previous works on optical 
properties of noble metal nanoparticles, TPPL of noble metal nanoparticles is 
certainly one of the most striking and feasible properties in biological 
applications. However, most of previous works mainly focused on the 
application of distinct kind of nanoparticles without systematically investigation 
on the influence factors on TPPL. Moreover, most works only paid attention to 
the photoluminescence of noble metal nanoparticles in visible range, and 




In this thesis, the influence of metal type, shape, and plasmon coupling 
on TPPL of single noble metal nanoparticles have been investigated on single 
particle level. NIR photoluminescence of Au nanoparticles have been 
systematically investigated based on ensemble-based measurements. The 
results of this thesis may provide insights into the relationship between TPPL 
and metal type. Moreover, this study may contribute to a better understanding 
of lightning rod effect of different shapes of Au NPs. In addition, the study on 
cell cytotoxicity and cell imaging by using different metal types and shapes of 
nanoparticles should have significant impact on providing guidance on 
choosing the contrast agent for cell imaging. More importantly, the investigation 
on the role of plasmon in the process of photoluminescence should offer a better 
understanding on the emission mechanism of photoluminescence. NIR 
photoluminescence of Au nanoparticles may provide guidelines for achieving 
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Chapter 2. Two-photon Photoluminescence of Single Gold, Silver and 
Bimetallic Nanoparticles 
2.1 Introduction 
Noble metal nanoparticles, such as Au and Ag nanoparticles, have been 
extensively studied as biological sensing probes, owing to their fascinating 
optical properties from their localized surface plasmon resonance (LSPR).1-5 
LSPR is originated from collective oscillation of conduction band electrons, 
which is strongly related to the shape, size, composition and local environment 
of noble metal nanoparticles.6-9 By carefully changing these factors, LSPR of 
noble metal nanoparticles can be effectively tuning from visible to near-infrared 
range, depending on the requirements in applications.10-12 Though conventional 
organic dyes and quantum dots have higher uptake efficiency by bio-tissues 
owing to their small size, noble metal nanoparticles exhibit stronger robustness 
and better photo-stability than organic dyes and quantum dots.13,14 These 
advantages make noble metal nanoparticles attractive candidates in biological 
applications. 
Among these optical properties, two-photon photoluminescence (TPPL) 
of noble metal nanoparticles is the most striking and applicable property in 
biological sensing and imaging. Due to low quantum efficiency and negligible 
emission signal, applications based on photoluminescence of noble metal 
nanoparticles have remained stagnant under conventional one-photon 
excitation.15 In contrast to one-photon photoluminescence, TPPL of noble metal 
nanoparticles exhibit much brighter emission signal, owing to their large two-
photon cross section. Wang et al. reported that emission signal of a single Au 
nanorod is 58 times higher than that of a single rhodamine 6G molecule.16 
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Moreover, two-photon excitation utilizes near-infrared pulsed laser as excitation 
source, leading to a high penetration depth, intrinsic 3-dimensional resolution, 
and negligible photo-damage of biological sample.17-20 These advantages have 
triggered tremendous interest in investigating fundamental properties and 
biological applications based on TPPL of noble metal nanoparticles.18,21,22 
However, in contrast to numerous reports on TPPL properties of Au 
nanoparticles, TPPL arising from Ag nanoparticles has been seldom reported.23-
25 Moreover, direct comparison of the influence of metal type on TPPL 
properties are scarcer. To the best of our knowledge, comparison on 
photoluminescence arising from rough Au and Ag films may be the only report 
in this field.15  
In this chapter, we have investigated the relationship between 
composition and TPPL properties of noble metal nanoparticles. Single particle 
microscopy was employed to eliminate the influence of sample inhomogeneity 
in ensemble sample. Dark-field scattering and TPPL properties were measured 
by single particle microscopy, while morphologies were characterized by 
scanning electron microscopy (SEM). Pattern matching method was utilized to 
correlate optical properties and morphologies of single nanoparticles of interest. 
A direct comparison was made among the scattering spectra and TPPL 
properties of Au and Ag nanocubes, and bimetallic Ag/Au nanohollow with 
similar dimension. Polarization-dependent scattering spectra and TPPL 
intensities were also studied on single particle level to investigate the anisotropy 
property of each type of single nanoparticles. Cell cytotoxicity and two-photon 




2.2 Experimental Section 
2.2.1 Chemicals 
Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·3H2O, 99.9%), 
silver nitrate (AgNO3, 99%), poly(vinylpyrrolidone) (PVP, MW~55000), 1,5-
pentanediol (PD, 96%) and copper(II) chloride (CuCl2, 97%) and were 
purchased from Sigma-Aldrich. Sodium chloride (NaCl, 99.5%) was purchased 
from GCE Laboratory Chemicals. All the chemicals were used as received. All 
glassware was washed with aqua regia and then thoroughly rinsed with 
deionized water (resistance=18.1 MΩ·cm). 
2.2.2 Preparation of Au Nanocubes (NCs) 
Au NCs were prepared by using a previously reported method.26 Briefly, 
AgNO3 (5 mM), HAuCl4 (0.05 M) and PVP (0.15 M) solutions in PD were first 
prepared by thorough ultrasonication. A portion of AgNO3 (5 mM, 0.15 mL) 
solution in PD was quickly injected into another portion of boiling PD (5 mL). 
HAuCl4 (0.05 M, 3 mL) and PVP (0.15 M, 3 mL) solutions in PD were then 
continuously injected into the reaction mixture under vigorous stirring via 
syringe pump with injection rate of 0.4 mL/min. The reaction mixture continued 
refluxing for 1 h to complete the growth reaction. The resultant mixture was 
cooled down and then washed three times by centrifugation and re-dispersion 
in ethanol. The product was dispersed into 10 mL ethanol as stock solution. 
2.2.3 Preparation of Ag Nanocubes (NCs) 
Ag NCs were prepared by using a previously reported method with 
slight modification.27 Briefly, CuCl2 (0.06 M), AgNO3 (0.12 M) and PVP (0.18 
M) solutions in PD were first prepared by thorough ultrasonication. AgNO3 
precursor solution was prepared by suspending CuCl2 (0.06 M, 20 μL) solution 
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in PD into AgNO3 (0.12 M, 10 mL) solution in PD. A portion of PD (20 mL) in 
a glass flask was heated to 190 oC under vigorous stirring. Then, AgNO3 
precursor (0.5 mL) was quickly injected into the hot reaction flask every minute, 
while PVP solution in PD was continuously injected into the flask via syringe 
pump with injection rate of 0.5 mL/min. The reaction was stopped when the 
color of the reaction mixture turned to creamy green (~15 min). Once cooled 
down to room temperature, the resultant mixture was centrifuged and washed 
three times with ethanol and H2O mixture (1:1 volume ratio) and purified by 
syringe filter (0.22 µm pore size) to remove large size particles. Finally, the 
product was dispersed into 10 mL ethanol as stock solution. 
2.2.4 Preparation of Ag/Au Nanohollows (NHs) 
Ag/Au NHs were prepared by using galvanic replacement reaction as 
reported by Xia group.11 Briefly, the as-prepared Ag NCs (0.1 nM, 1 mL) was 
dispersed into a boiling PVP solution (1 mg/mL, 10 mL). Then, a portion of 
HAuCl4 (0.25 mM, 9 mL) was continuously injected into the reaction mixture 
via syringe pump at 0.75 mL/min. The reaction mixture continued refluxing for 
another 10 min to complete the reaction. The resultant mixture was cooled down 
and then washed three times with saturated NaCl solution by centrifugation and 
re-dispersion to remove AgCl adsorbed on the surface of Ag/Au NHs. The 
resultant sample was centrifuged and washed with H2O to remove NaCl and 
excess PVP, and finally dispersed into 1 mL ethanol. 
2.2.5 General Instrumentation 
Extinction spectra of nanoparticles were measured by using a Shimadzu 
UV 2250 spectrometer. Scanning electron microscopy (SEM) images were 
taken on a JEOL JSM-6701F electron microscope, operated at an accelerating 
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voltage of 5 kV. Transmission electron microscopy (TEM) images and energy-
dispersive X-ray spectroscopy (EDS) were taken on a JEOL 2010 transmission 
electron microscope, operated at an accelerating voltage of 200 kV. Inductively 
coupled plasma (ICP) was measured by Dual-view Optima 5300 DV ICP-OES 
system.  
2.2.6 Preparation of Single Particle Samples  
Single particle scattering and TPPL spectra of the as-prepared 
nanoparticles were measured on the pre-cleaned and pre-marked ITO 
substrates.28 The solutions of Au NCs, Ag NCs, and Ag/Au NHs were 
centrifuged and re-dispersed in ethanol to remove excess surfactant, and then 
diluted by ethanol until colorless. The ethanol used for washing and dilution 
was pre-purged by nitrogen for 15 min to remove oxygen. The resultant 
solutions were drop-casted onto the ITO substrates and then dried at room 
temperature. The dried samples were then rinsed by ethanol to further remove 
excess surfactant, and dried by nitrogen flow. 
2.2.7 Single Particle Scattering Spectra Measurements 
Scattering spectra measurements were performed on a custom-modified 
inverted microscope.29 Single nanoparticles were illuminated by a quartz-
tungsten-halogen lamp (100 W) coupled with a dark field condenser 
(NA=0.80~0.95). A removable polarizer before the dark field condenser was 
utilized to change the polarization of white light. Only the scattering light from 
single nanoparticles was collected by an oil immersion objective lens (100×, 
NA=0.5) due to the smaller numerical aperture. The scattering signal was 
expended by a monochromator (Acton Spectra Pro 2150i) whose entrance slit 
was narrowed to monitor the nanoparticle of interest, and then detected by a 
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CCD camera (Andor DR-328G-C01-SIL). (See details in Chapter 1) 
2.2.8 Single Particle TPPL Measurements 
TPPL spectra and intensities measurements were performed on a home-
built system by using 820 nm femtosecond laser as excitation source. (See 
details in Chapter 1) The expanded laser beam (diameter≈1 cm) was filtered by 
800 nm long pass filter, and then focused onto a single nanoparticle of interest 
by an oil-immersed objective lens (100×, NA=0.5). A monochromator (Acton, 
Spectra Pro 2300i) coupled CCD (Princeton Instruments, Pixis 100B) was used 
to detect the emission signals collected by the same objective. A 750 nm short 
pass filter were placed before the detector to suppress the laser scattering. As 
nanoparticles of different composition have different two-photon absorption 
cross sections, different excitation power density were used for TPPL 
measurements to prevent nanoparticle from laser-induced melting. The 
excitation power densities for TPPL imaging were ~2.7×106 W/cm2, ~9.5×105 
W/cm2, and ~1.1×105 W/cm2 for single Au NCs, Ag NCs, and Ag/Au NHs, 
respectively. 
TPPL imaging measurements were performed on the same setup as 
above. A different numerical aperture of oil-immersed objective (100×, 
NA=1.25) was used to improve the collection efficiency. A 442 nm long pass 
filter before the detector was utilized to remove second-harmonic signal. The 
emission signals were detected by a photon counting photomultiplier detector 
(PicoQuant, PMA 182-N-M), and analyzed by PicoHarp 300 module. (See 
details in Chapter 1) 
2.2.9 Cell Viability and Two-photon Excitation Cell Imaging 
In order to reduce cytotoxicity, Au NCs, Ag NCs and Ag/Au NHs 
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solutions in ethanol (0.5 mL) were centrifuged and re-dispersed into PVP 
solution (0.1 g/L, 0.5 mL), and then stirred overnight before use. A XTT 
colorimetric cell viability assay method was used to measure the cell toxicity of 
Au NCs/PVP, Ag NCs/PVP and Ag/Au NHs/PVP-treated Hep G2 cancer cells. 
HepG2 cancer cells were seeded into 96 well plates and cultured in Dulbecco's 
modified Eagle medium (DMEM) supplemented with fetal bovine serum (10%), 
streptomycin (100.0 mg/L) and penicillin (100 IU/mL). After 24 hrs of culture 
in an incubator (37 oC, humidified atmosphere with 5% CO2), different amounts 
of Au NCs/PVP, Ag NCs/PVP and Ag/Au NHs/PVP stock solutions were 
injected into the cells and kept in the incubator for 4 hrs. After adding XTT 
reagent into the cells, the cells were kept at the incubator for another 12 hrs. 
Then, XTT colorimetric cell proliferation kit was utilized to measure the 
proliferation of cells (read at A460nm-A650nm). 
Hep G2 cancer cells used for two-photon cell imaging were seeded into 
glass-bottom dishes and cultured in the incubator until confluence was reached 
to 70∼80%. The stock solutions of Au NCs/PVP, Ag NCs/PVP and Ag/Au 
NHs/PVP were then added into the cells, and the final concentrations of all kinds 
of nanoparticles were 0.8 pM. After incubation for 3 hrs, Au NCs/PVP, Ag 
NCs/PVP and Ag/Au NHs/PVP-treated cells were thoroughly washed with PBS 
buffer solution to suppress the TPPL signal from the excess nanoparticles in the 
solution and adsorbed on the cells. Bright-field transmission images of cells 
were taken by differential interference contrast (DIC) microscopy. Two-photon 
cell images of Au NCs/PVP, Ag NCs/PVP and Ag/Au NHs/PVP-treated cells 
were measured by using a confocal microscope (Leica TCS SP5 X). A 
femtosecond Ti-Sapphire oscillator with central wavelength at 820 nm was 
52 
 
focused onto the samples by using a water-immersion objective. The emission 
signals were collected by the same objective and sent to the detector (detecting 
range: 600 - 650 nm). Leica Application Suite Advanced Fluorescence (LAS 
AF) was utilized for image processing and analyzing. 
2.3 Results and Discussion 
2.3.1 Preparation of Noble Metal Nanoparticles 
Au NCs and Ag NCs were prepared by using reported polyol reduction 
methods, with PVP as capping agent.26,27 Nanocubes were chosen as model 
system as this shape of nanoparticles has well-developed preparation method, 
well-defined facets and single-crystalline nanostructure. Figure 2.1 displays the 
TEM images and corresponding extinction spectra of the as-prepared noble 
metal nanoparticles. Au NCs and Ag NCs have a uniform distribution in both 
size and shape. Their edge length were measured to be 99.5±8.7 nm and 
98.3±5.2 nm, respectively (Table 2.1). Extinction spectra of Au NCs and Ag 
NCs in water display distinct peaks, corresponding to their features of LSPR 
bands. Au NCs displays a single LSPR band at 600 nm, arising from the dipolar 
plasmon resonance.30 However, Ag NCs displays four distinct LSPR peaks: one 
broad peak at 554 nm, and three sharp peaks at 462 nm, 393 nm and 350 nm, 
respectively. These peaks are assigned to the dipolar (554 nm), quadrupolar (462 
nm and 393 nm), and octupolar (350 nm) plasmon resonances, as reported by 
Lee et al.30 By following the method from Orendorff, molar extinction 
coefficients of Au NCs and Ag NCs were measured to be 2.9×1011 (600 nm peak) 
and 2.4×1011 M-1·cm-1 (554 nm peak), respectively (Table 2.1).31 Ag/Au NHs 
was prepared by using Ag NCs as precursor, following a reported galvanic 





43 ( ) ( ) ( ) 3 ( ) 4 ( )Ag s AuCl aq Au s Ag aq Cl aq
        
This equation indicates that oxidation of 3 Ag atoms can only generate 1 Au 
atom, resulting in the hollow structure inside Ag NCs. Figure 2.1C shows the 
TEM image of the as-prepared Ag/Au NHs with average edge length of 
105.7±4.5 nm and wall thickness of 12.2±2.3 nm. Compared to Ag NCs, the 
size of Ag/Au NHs is slightly increased, indicating deposition of the thin Au 
layers onto the surface of remaining part of Ag NCs (Table 2.1). This is 
consistent with elemental composition of Ag/Au NHs (atom ratio, 
Ag:Au=2.7:1), identified by using energy-dispersive X-ray spectrum (Figure 
2.1E). It is noteworthy that small pinholes can be found at the corner of Ag/Au 
NHs. This indicates the starting position of galvanic replacement, owing to the 
less surfactant protection at the corner.32 In Figure 2.1D, Ag/Au NHs display a 
broad peak at 810 nm with a shoulder peak at 610 nm, which are assigned to 
dipolar and quadrupolar resonance from the hybridization of plasmon modes of 
cavity and cube.33,34 Since previous simulation results have shown that the 
optical properties of hollow nanostructures are strongly affected by the wall 
thickness, the broad peak at 810 nm can be assigned to the small vibrations of 




Figure 2.1 TEM images of Au NCs (A), Ag NCs (B) and Ag/Au NHs (C), and 
their corresponding extinction spectra (D). The scale bars are 200 nm. (E) 
Energy-dispersive X-ray spectrum of Ag/Au NHs. Copper signal is from the 
copper substrate. 
Table 2.1 Size and molar extinction coefficient of all the nanoparticles 
Samples LSPR (nm) Length (nm) Wall (nm) ε (M-1·cm-1) 
Au NCs 600 99.5±8.7 - 2.9×1011 a 
Ag NCs 554 98.3±5.2 - 2.4×1011 a 
Ag/Au NHs 810 105.7±4.5 12.2±2.3 9.6×1010 b 
 (a) Molar extinction coefficients of Au NCs and Ag NCs were measured by 
following the method from Orendorff.31 (b) Particle concentration of Ag/Au 
NHs was estimated by the amount of Ag NCs used in preparation. 
2.3.2 Scattering Spectra Measurement of Single Noble Metal Nanoparticles 
In chemically prepared nanoparticles, there is a distribution of 
nanoparticle size and shape, due to the inhomogeneity of reaction temperature 
and precursor concentration in reaction mixture. This sample inhomogeneity 
leads to an inhomogeneous broadening in optical spectra. In order to remove 
ensemble averaging effect, optical spectroscopic studies of these noble metal 
nanoparticles were performed on single particles deposited on ITO glass. As 
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ITO glass is conductive and transparent, particles on ITO glass can be 
investigated by both SEM and optical microscopy, which can correlate 
morphology and optical properties of particles of interest.29 In order to minimize 
the influence of particles nearby, the stock nanoparticle solution was highly 
diluted by ethanol and then drop-casted onto the ITO glass. The sparse particle 
density on ITO glass ensures that only one nanoparticle can be excited at each 
time. To ensure the same region of ITO glass was characterized by both types 
of microscopy, a cross was pre-marked by scratching ITO glass before cleaning. 
A pattern matching method was utilized to identify the same single 
nanoparticles near the cross in SEM and dark-field scattering images, as 
discussed in Chapter 1.28 Once the correlation between SEM and dark-field 
scattering images was established, the morphology and optical properties of 
nanoparticles of interest can be probed by both types of microscopy. Generally, 
SEM was utilized to obtain the nanoparticle morphology first, and then optical 
microscopy was employed to measure the optical properties based on the 
morphology. However, optical properties of Ag NCs were measured before 
SEM imaging to minimize the oxidization influence on the optical properties. 
As scattering spectra of noble metal nanoparticles are strongly related to 
the LSPR and field enhancement efficiency at each wavelength, scattering 
spectra of single Au NCs, Ag NCs and Ag/Au NCs were measured based on 
dark-field slit-imaging technique. For comparison, all the type of single 
nanoparticles have similar edge length (~100 nm), as measured from SEM 
images. Figure 2.2A shows the typical scattering spectra of each kind of single 
nanoparticle, and their corresponding SEM images. Scattering spectra of single 
Au NC and Ag/Au NC display a single dominant dipolar LSPR band at 620 nm 
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and 760 nm, respectively. However, single Ag NC displays a dominant dipolar 
LSPR band at 540 nm with a quadrupolar peak LSPR band at 415 nm. In 
comparison with their corresponding ensemble-based extinction spectra, 
scattering spectra of single Au NCs and Ag NCs have similar dipolar peak 
position but much narrower spectral bandwidth (Figure 2.2B & 2.2C). It is 
noteworthy that the quadrupolar peak position of single Ag NCs is blue-shifted 
compared to that of ensemble-based extinction spectra, attributed to the strong 
interaction between Ag NCs and dielectric substrate.36,37 In contrast, scattering 
peaks of single Ag/Au NHs were found to be strongly blue shifted to the 
ensemble-based extinction peak. This blue shift can be ascribed to two reasons: 
small particle size and thicker wall (Figure 2.2D). In order to compare with 
single Au NCs and Ag NCs, Ag/Au NHs with similar size (100 nm) were chosen 
for single particle measurements. This size is smaller than the average particle 
size of ensemble sample (106 nm), which leads to blue shifted scattering 
peak.24,38-40 Moreover, the peak position of Ag/Au NHs is strongly dependent 
on wall thickness. Thicker wall leads to blue-shifted scattering peak.40,41 The 
large vibration of peak position of single Ag/Au NHs indicates that the wall 
thickness is not homogeneous in different Ag/Au NHs, since SEM cannot probe 
the wall thickness. This leads to the blue shift and vibration of peak position of 




Figure 2.2 (A) Scattering spectra of single Au NC, Ag NC and Ag/Au NH. 
Comparison of ensemble extinction spectra and single particle scattering spectra 
for Au NC (B), Ag NC (C), and Ag/Au NH (D). Both extinction spectra and 
scattering spectra were measured under unpolarized light. Three different single 
particles of each kind of nanoparticles were measured. 
As nanoparticles in solution are quickly rotating during the 
measurements, polarization-dependent information are averaged in ensemble-
based extinction spectra, which is another limitation of ensemble-based 
measurements. In order to identify the origin of each LSPR peak, polarization-
dependent scattering spectra of single Au NC, Ag NC and Ag/Au NH were 
measured by using polarized white light as illumination source. Figure 2.3A-C 
shows that dipolar peaks of single Au NC, Ag NC and Ag/Au NH (Type1) 
display little polarization dependence, owing to their nearly isotropic shape.42,43 
The small different scattering intensities of dipolar peaks at 0o and 90o is likely 
due to the different edge lengths at 0o and 90o, as a very short rod.16 Stronger 
polarization dependence was observed on quadrupolar peak of a single Ag NC 
than dipolar peak, indicating that quadrupolar peak is more sensitive to the edge 
length difference. As the etching process in galvanic replacement reaction may 
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not always be isotropic, another typical type of a single Ag/Au NH (Type2) 
exhibits stronger polarization dependence, owing to the different wall 
thicknesses at 0o and 90o (Figure 2.3D). 
 
Figure 2.3 Polarization-dependent scattering spectra of single Au NC (A), Ag 
NC (B), Ag/Au NH (Type1) (C), and Ag/Au NH (Type2) (D). Insets: 
corresponding polarization-dependent scattering peak intensity and SEM 
images. The red arrows in SEM images indicate the 0 degree of white light 
polarization. 
2.3.3 TPPL properties of Single Noble Metal Nanoparticles 
Single particle TPPL property measurements were performed on the 
same microscope as above. A linearly polarized femtosecond laser (820 nm) 
was focused onto a single nanoparticle by using an oil-immersed objective. The 
emission signals were collected by the same objective lens, and sent to the 
detector. As different excitation power density was utilized for TPPL 
measurements of different types of nanoparticles, the relationship between 
power density and TPPL intensity need to be established first for TPPL intensity 
comparison of different types of nanoparticles. In Figure 2.4A, power-
dependent results show that all the types of noble metal nanoparticles exhibit a 
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two-photon excitation behavior. To confirm that these nanoparticles are robust 
enough during the measurements, photo-stability of these nanoparticles was 
tested by measuring their TPPL intensities for up to 10 times. Figure 2.4B 
shows that TPPL intensities exhibit little vibration during the measurements, 
indicating good photo-stability of these nanoparticles. 
 
Figure 2.4 (A) Excitation power dependence of TPPL intensities of single Au 
NC, Ag NC and Ag/Au NH. (B) Photo-stability of single Au NC, Ag NC and 
Ag/Au NH under multiple TPPL measurement scans. 
Polarization-dependent TPPL intensities of different types of single 
noble metal nanoparticles have been further studied in detail, by changing the 
polarization of laser beam. In Figure 2.5A-C, single Au NC, Ag NC and Ag/Au 
NH (Type1) exhibit little polarization dependence on TPPL intensity, owing to 
their nearly isotropic shape. The TPPL intensity of these nanoparticles kept 
nearly unchanged during changing the excitation polarization, suggesting strong 
correlation with their corresponding polarization-dependent scattering spectra 
(Figure 2.3A-C). In contrast to Ag/Au NH (Type1), TPPL intensity of Ag/Au 
NH (Type2) exhibits strong polarization dependence (Figure 2.5D). TPPL 
intensity of a single Ag/Au NH (Type2) under parallel excitation was observed 
to be ~2.3 times larger than that under perpendicular excitation. As the field 
enhancement for excitation under different directions is almost the same 
(scattering intensity at excitation wavelength), this difference of TPPL 
intensities arises from the larger field enhancement for emission light under 







































parallel excitation than that under perpendicular excitation (Figure 2.3D).44 To 
further investigate the relationship between TPPL property and scattering 
spectra, TPPL spectra of single Au NC, Ag NC and Ag/Au NTs were measured 
under parallel excitation, which optimum TPPL intensities were obtained. In 
Figure 2.5, all types of single nanoparticles, display close resemblance between 
TPPL spectra and their corresponding scattering spectra under the same 
polarization direction. The slight difference between TPPL spectra and 
scattering spectra of a single Ag NC at short wavelength is likely due to the 
contribution from the quadrupolar mode. The resemblance between TPPL 
spectra and scattering spectra can be explained by two mechanisms: plasmon 
emission38,45 and plasmon-modulated emission44,46. Both mechanisms indicate 
that TPPL spectra are strongly influenced by their corresponding LSPR 
modes.29,38,45 
 
Figure 2.5 Normalized scattering (black) and TPPL (red) spectra of single Au 
NC (A), Ag NC (B), Ag/Au NH (Type1) (C), and Ag/Au NH (Type2) (D). The 
scattering and TPPL spectra were measured with excitation polarization along 




TPPL intensity of nanoparticles is one of the most important factors in 
biological application. Figure 2.6 displays the relative TPPL intensities of 
single Au NCs, Ag NCs and Ag/Au NHs, based on the results of 15 particles of 
each type. All the TPPL intensities used for statistics were obtained by exciting 
the nanoparticles under their corresponding optimum polarization. Based on the 
quadratic dependence of power, the relative TPPL intensities of single Ag NCs 
and Ag/Au NHs under the same power were determined to be 5 and 62 times 
that of single Au NCs, respectively. Based on the reported two-photon action 
(TPA) cross section of single Au NCs (~500 GM), TPA cross sections of single 
Ag NCs and Ag/Au NCs were estimated to be ~2.5×103 and ~3.1×104 GM, 
respectively.47 This is much larger than conventional organic dyes, which makes 
noble metal nanoparticles attractive candidates as cell imaging agents.14,48 As 
LSPR bands of both Au NCs and Ag NCs are far off-resonant with the excitation 
wavelength, the larger TPPL intensities of single Ag NCs than Au NCs primarily 
arise from larger local electric field enhancement during emission process.44 As 
the shape and size of Au NCs and Ag NCs are nearly the same, the difference in 
local electric field enhancement solely arises from the metal type, which can be 
further elucidated by analyzing the dielectric functions of Au and Ag. Owing to 
the inverse relationship between local field enhancement and dielectric function, 
Ag NCs possess a larger local field enhancement than Au NCs, as Ag has a 
smaller imaginary component of dielectric function in visible range.9,30 The 
large increase of TPPL intensities of single Ag/Au NHs arises from several 
factors. First, LSPR band of Ag/Au NHs is strongly resonant with excitation 
laser, while the LSRP bands of other two types of nanoparticles are off-resonant. 
This strong resonance provides large field enhancement on two-photon 
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excitation efficiency.6,49 Second, LSPR band near excitation wavelength 
provides intermediate states to enhance two-photon absorption efficiency.50,51 
Moreover, the rough interior and exterior surface of Ag/Au NHs generated in 
etching process can further increase the local field enhancement, owing to 
lightning rod effect.15,44 Consequently, TPPL intensities of single Ag/Au NHs 
are hugely enhanced.  
 
Figure 2.6 Relative TPPL intensities of single Au NCs, Ag NCs and Ag/Au NHs. 
TPPL intensities were analyzed based on the results of 15 particles of each type.  
2.3.4 Two-photon Cell Imaging 
Hep G2 cancer cells were utilized to demonstrate cell toxicity and two-
photon cell imaging capability of Au NCs, Ag NCs and Ag/Au NCs (Figure 
2.7). Cell toxicity was characterized by a XTT colorimetric cell viability assay 
method. The cells were incubated 16 hrs with different amounts of Au NCs/PVP, 
Ag NCs/PVP and Ag/Au NHs/PVP under the same conditions. Figure 2.7A 
shows that Au NCs/PVP exhibit low cell toxicity, while Ag NCs/PVP exhibit 
strong cell toxicity, resulting from Ag+ release.52 This is consistent with previous 
results, indicating that Au nanoparticles have much better biological 
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compatibility than Ag nanoparticles.53-56 Moreover, Ag/Au NHs/PVP display 
similar cell toxicity as Au NCs/PVP, which is greater than expected. Intriguingly, 
previous works shows that Au-Ag bimetallic nanoparticles prepared by co-
reduction method exhibit better biological compatibility than Ag nanoparticles, 
but still worse than Au nanoparticles.53 This inconsistence is likely due to the 
different surface composition of Ag/Au NHs, as a thin layer of Au was deposited 
onto the surface of remaining Ag NCs during the preparation process. Thus, less 
Ag atoms in Ag/Au NHs were exposed to cells than that of Au-Ag bimetallic 
nanoparticles prepared by co-reduction method. 
 
Figure 2.7 (A) Cell viability of Hep G2 cells after incubation with different 
concentrations of Au NCs/PVP, Ag NCs/PVP, and Ag/Au NHs/PVP as 
determined by the XTT assay. (B) Bright-field transmission (a), TPPL (b), and 
merged (c) images of HepG2 cells after incubation with Au NCs/PVP (i), Ag 
NCs/PVP (ii), and Ag/Au NHs/PVP (iii) with the same particle concentration. 
Two-photon cell imaging was performed on a confocal microscope by 
using 820 nm femtosecond laser as excitation source. Figure 2.7B shows the 
bright-field transmission images, TPPL images and merged images of Au 
NCs/PVP, Ag NCs/PVP and Ag/Au NHs/PVP. Only few bright spots were 
observed in TPPL image of Au NCs/PVP-treated cells, owing to the emission 
from coupled Au NCs.23,25,29,30 Better TPPL signals were observed from TPPL 
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image of Ag NCs/PVP-treated cells, but low biological compatibility of Ag NCs 
has limited their biological application. In contrast to the other two types of 
nanoparticles, intense TPPL signals were observed from Ag/Au NHs/PVP-
treated cells. Combined with their low cell toxicity, this makes them attractive 
candidates for imaging contrast agents. 
2.4 Conclusion 
Au NCs, Ag NCs and Ag/Au NHs with similar dimensions were 
prepared by wet chemistry methods. Scattering spectra and TPPL properties of 
these nanoparticles were investigated by using single particle microscopy, and 
compared with the results from ensemble-based measurements. TPPL spectra 
of these nanoparticles were found to be strongly modulated by their LSPR bands 
measured under the same direction. The averaged TPPL intensities of single Ag 
NCs and Ag/Au NHs are 5 and 62 times higher than that of single Au NCs. Two-
photon action cross sections of single Au NCs, Ag NCs and Ag/Au NCs were 
estimated to be ~500, ~2.5×103 and ~3.1×104 GM, respectively. The slightly 
stronger TPPL intensities of single Ag NCs are ascribed to the larger local field 
enhancement than that of Au NCs, which makes Ag NCs better two-photon 
imaging contrast agents than Au NCs. However, high cell cytotoxicity of Ag 
NCs weakens their capacity in biological applications. Much stronger TPPL 
intensities were observed on single Ag/Au NCs, owing to their large two-photon 
excitation efficiency resulting from more intermediate states and large local 
field enhancement at excitation wavelength, and further local field enhancement 
at the “hot spots” generated by the rough surface. Owing to lower cell 
cytotoxicity and larger TPPL signal, Ag/Au NHs are better candidates for two-
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Chapter 3. Shape-Dependent Two-photon Photoluminescence of Single 
Gold Nanoparticles 
3.1 Introduction 
Two-photon excitation microscopy is a powerful bio-imaging technique 
that allows non-invasive imaging of living tissues with high penetration depth, 
3-dimensional mapping capability and reduced photo-bleaching effect.1-3 
Organic dyes have been widely used as contrast agents in two-photon imaging. 
However, conventional organic dyes usually have limited two-photon 
absorption (TPA) cross sections (1-100 GM) and poor photo-stability.4,5 
Although quantum dots have been known to display large TPA cross sections, 
their applications in bio-imaging have been hindered by their photo-blinking 
behavior and strong cytotoxicity.4,6 Gold (Au) nanoparticles, such as Au 
nanorods,7,8 nanoshells,9,10 nanocages,11 and nanotriangles12 have recently 
attracted lots of attention owing to their strong two-photon photoluminescence 
(TPPL). Compared to conventional organic dyes and quantum dots, Au 
nanoparticles do not suffer from photo-blinking or photo-bleaching under laser 
irradiation, and exhibit excellent biocompatibility and low cytotoxicity, which 
are advantageous for applications in bio-imaging.13,14  
Many previous studies showed that TPPL properties of Au nanoparticles 
were strongly dependent on the particle shape due to shape-sensitive localized 
surface plasmon resonance (LSPR).11,12,15,16 LSPR arises from collective 
oscillation of conduction band electrons upon interaction with light irradiation, 
which creates a strong localized electric field near the surface of Au 
nanoparticles.15,17 This strong local electric field can resonantly couple with the 
incoming and outgoing lights, and consequently affect photoluminescence of 
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Au nanoparticles.17 LSPR frequency, the local electric field and TPPL properties 
of noble metal nanoparticles have been known to strongly depend on the shape 
of nanoparticles.7-12 However, there is no systematic investigation of shape-
dependent TPPL of Au nanoparticles so far. Furthermore, most of these studies 
were performed based on the ensemble measurements in solution. As 
chemically prepared nanoparticles are generally inhomogeneous in both size 
and shape, conventional ensemble-based optical measurements in solution can 
only give averaged results of particles of different morphologies. Single-particle 
spectroscopy can avoid the complication induced by the sample inhomogeneity 
in ensemble measurements and help to establish morphology-property 
relationship in these materials. 
In this chapter, we have investigated shape-dependent scattering spectra 
and TPPL properties of Au nanoparticles of different shapes, including 
nanospheres (NSs), nanocubes (NCs), nanotriangles (NTs), nanorods (NRs) and 
nanobranches (NBs). These nanoparticles were prepared by wet chemical 
methods. Their morphologies were characterized by scanning electron 
microscopy (SEM). Single particle scattering spectra were measured by dark-
field microscopy. Single particle TPPL properties of these nanoparticles were 
measured on an inverted microscope using a femtosecond laser oscillator as the 
excitation source. Polarization dependence of scattering spectra and TPPL 
properties of these nanoparticles have been performed on the single-particle 
level. To understand the role of sharp tips in TPPL properties, laser-induced 
melting experiments were performed on single Au NBs, which displayed the 
strongest TPPL among all the particles studied. Scattering spectra, TPPL 
intensities and SEM images were characterized during the melting process to 
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correlate the morphological change with the change of optical properties. The 
application of Au NBs as excellent two-photon imaging agents have been 
demonstrated in HepG2 cancer cells. 
3.2 Experimental Section 
3.2.1 Chemicals 
Citrate-capped 100 nm gold nanospheres (Au NSs), hydrogen 
tetrachloroaurate(III) trihydrate (HAuCl4·3H2O, 99.9%), silver nitrate (AgNO3, 
99%), poly(vinylpyrrolidone) (PVP, MW~55000), 1,5-pentanediol (PD, 96%), 
myristyltrimethylammonium bromide (MTAB, 99%), L-ascorbic acid (AA, 
99%), sodium citrate dihydrate (99.5%), cetyltrimethylammonium bromide 
(CTAB, 99%) and cetyltrimethylammonium chloride (CTAC, 25 wt % solution 
in water) were purchased from Sigma-Aldrich. Sodium iodide (NaI, 99.5%) was 
purchased from GCE Laboratory Chemicals. Hydrochloric acid (HCl, 37 wt% 
solution in water) was purchased from Labscan. All the chemicals were used as 
received. All glassware was washed with aqua regia and then thoroughly rinsed 
with deionized water (resistance=18.1 MΩ·cm). 
3.2.2 Preparation of Au Nanocubes (NCs) 
Au NCs were prepared by using the same method in Chapter 2.18  
3.2.3 Preparation of Au Nanotriangles (NTs) 
Au NTs were prepared by using a seed-mediated method.19 7 nm Au 
seed solution was prepared by adding HAuCl4 (0.01 M, 0.25 mL) solution into 
CTAC (0.1 M, 10 mL) solution. A freshly prepared ice-cold NaBH4 (0.01 M, 
0.6 mL) solution was then quickly injected under vigorous stirring. The seed 
solution was kept at room temperature for 2 h and then diluted 10 times by 0.1 
M CTAC solution. In the second step, 40 nm Au seed solution was prepared by 
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adding the diluted 7 nm seed solution (0.1 mL) into the growth solution, which 
contained HAuCl4 (0.01 M, 0.2 mL), AA (0.1 M, 0.04 mL), CTAC (0.1 M, 1.6 
mL) and H2O (8 mL). The reaction mixture was swirled for 2 min after adding 
7 nm seed solution and then kept at room temperature for 2 h. At last, Au 
nanotriangles were prepared by adding 40 nm seed solution (0.45 mL) into 
growth solution, which contained HAuCl4 (0.01 M, 0.5 mL), AA (0.1 M, 0.1 
mL), NaI (0.01 M, 0.075 mL) and CTAC (0.05 M, 10 mL). The resulting 
mixture was left undisturbed overnight. 
3.2.4 Preparation of Au Nanorods (Au NRs) 
Au NRs were prepared by using a modified overgrowth method.20,21 
CTAC-stabilized thin Au NRs were used as the seed for preparation of Au NRs. 
AA (0.1 M, 0.5 mL) and HAuCl4 (0.01 M, 0.4 mL) solutions were sequentially 
added into CTAC-stabilized thin Au NRs (10 mL) under vigorous stirring. The 
mixture was left undisturbed at room temperature for 1 h. 
3.2.5 Preparation of Au Nanobranches (Au NBs) 
Au NBs were prepared by using a reported seed-mediate method.22 Au 
seed solution was prepared by adding HAuCl4 (0.01 M, 0.125 mL) and sodium 
citrate (0.01 M, 0.25 mL) solutions into water (9.625 mL). A freshly prepared 
ice-cold NaBH4 (0.01 M, 0.15 mL) solution was then quickly injected under 
vigorous stirring. The resultant mixture was left undisturbed at room 
temperature for at least 2 h. The growth solution was prepared by consecutively 
adding HAuCl4 (0.01 M, 1.8 mL), AgNO3 (0.01 M, 0.27 mL) and AA (0.1 M, 
0.3 mL) into a MTAB solution (0.1 M, 42.75 mL). Then Au seed solution (0.04 
mL) was added, followed by gentle inversion for 10 s. The resulting solution 
was left undisturbed overnight.  
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3.2.6 General Instrumentation 
Extinction spectra of Au nanoparticles were measured by using a 
Shimadzu UV 2250 spectrometer. Scanning electron microscopy (SEM) images 
were taken on a JEOL JSM-6701F electron microscope, operated at 5 kV. 
Inductively coupled plasma (ICP) was measured by Dual-view Optima 5300 
DV ICP-OES system. 
3.2.7 Preparation of Single Particle Samples  
Single particle scattering and TPPL spectra of various Au nanoparticles 
were measured on the ITO substrates. ITO substrates were marked and cleaned 
by following a previously reported procedure.23 The solutions of Au NSs, Au 
NCs, Au NTs, Au NRs and Au NBs were centrifuged and re-dispersed in H2O 
to remove excess surfactant, and then diluted until colorless. The resultant 
solutions were drop-casted onto the ITO substrates and then dried at 50 oC in 
the oven. The dried samples were consecutively sonicated in deionized water 
for 3 min to further remove excess surfactant. 
3.2.8 Single Particle Scattering Spectra Measurements 
After locating the single nanoparticles by pattern matching method, 
scattering spectra were measured by using a custom-modified inverted Nikon 
Eclipse Ti microscope. A quartz-tungsten-halogen lamp (100 W) was utilized as 
illumination source. A polarizer was placed before the dark field condenser 
(NA=0.80~0.95) to tune the polarization of white light. The scattering light 
from the nanoparticle of interest was collected by an oil immersion objective 
lens (100×, NA=0.5) and detected by a CCD camera (Andor DR-328G-C01-
SIL) integrated with a monochromator (Acton Spectra Pro 2150i). The entrance 
slit on the monochromator was narrowed to remove the scattering signals from 
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the other nanoparticles. (See details in Chapter 1) 
3.2.9 Single Particle TPPL Measurements 
TPPL spectra and intensities were measured by using a home-built 
system as described in Chapter 1. The 820 nm femtosecond laser source, 
expanded by 5× beam expander and filtered by 800 nm long pass filter, was 
focused onto the sample by an oil-immersed objective lens (100×, NA=0.5). 
The emission signals from single Au NPs were collected by the same objective 
and detected by a monochromator (Acton, Spectra Pro 2300i) coupled CCD 
(Princeton Instruments, Pixis 100B). A 750 nm short pass filter and a 450 nm 
long pass filter were utilized to suppress the laser scattering and to remove the 
second-harmonic signal. As Au nanoparticles of different shapes have very 
different two-photon absorption cross sections, the excitation power density for 
TPPL measurements were different for nanoparticles of different shapes to 
avoid laser induced melting. The excitation power densities were ~3.8×106 
W/cm2, ~2.9×106 W/cm2, ~1.6×106 W/cm2, ~2.8×105 W/cm2, and ~4.8×104 
W/cm2 for Au NSs, NCs, NTs, NRs, and Au NBs, respectively.   
TPPL images were measured by raster-scanning technique, based on the 
same setup as TPPL spectra measurements with a different numerical aperture 
of oil immersion objective lens (100×, NA=1.25). A photon counting 
photomultiplier detector (PicoQuant, PMA 182-N-M) coupled with PicoHarp 
300 was utilized to detect the emission signal. TPPL intensities were obtained 
by analyzing TPPL images. (See details in Chapter 1) 
3.2.10 Ensemble-based TPPL Measurements 
Ensemble-based TPPL measurements were performed by using a home-
built optical system. A mode-locked femtosecond (fs) Ti:sapphire oscillator 
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(Avesta Ti-Saphire TiF-100M) was used as excitation source, which outputs 80-
fs laser pulses with a central wavelength at 820 nm and a repetition rate of 84.5 
MHz. The laser beam was filtered by 800 nm long pass filter and then focused 
by a positive lense (focal length=30 mm) onto the samples in 1-cm cuvette. The 
TPPL signals from these samples were collected by a pair of positive lenses 
(focal length=30 mm) at an angle of 90 degree to the excitation beam and sent 
to a monochromator (Acton, Spectra Pro 2300i) coupled CCD (Princeton 
Instruments, Pixis 100B). A 750 nm short pass filter was placed before the 
monochromator to suppress the scattering from the excitation source. 
3.2.11 Cell Viability and Two-photon Excitation Cell Imaging 
The as-prepared Au NSs and NBs solutions (2 mL) were centrifuged and 
re-dispersed into PVP solution (0.1 g/L, 2 mL) to reduce cytotoxicity. The 
solutions were then stirred overnight before use. Cell viability of Au NSs/PVP- 
and Au NBs/PVP-treated Hep G2 cancer cells was determined by using a XTT 
colorimetric cell viability assay. HepG2 cancer cells were cultured in 
Dulbecco's modified Eagle medium (DMEM) supplemented with fetal bovine 
serum (10%), streptomycin (100.0 mg/L) and penicillin (100 IU/mL). The cells 
were seeded into 96 well plates and then kept overnight in an incubator at 37 °C 
under a humidified atmosphere with 5% CO2. Then the cells were treated with 
different amounts of Au NS/PVP and Au NB/PVP stock solutions, and 
maintained at 37 oC. After 4 hrs, XTT reagent was added into the cells. The cells 
were kept at 37 oC for another 12 hrs. Then, proliferation was determined by 
using XTT colorimetric cell proliferation kit (read at A460nm-A650nm). 
The cells used for two-photon cell imaging were seeded into glass-
bottom dishes and incubated until 70∼80% confluence. The solutions of Au 
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NSs/PVP and Au NBs/PVP were then injected into the media and incubated for 
3 hrs. Au NSs and NBs in the final solutions have the same extinction. Before 
the cell imaging experiments, Au NSs/PVP and Au NBs/PVP treated cells were 
thoroughly washed with PBS buffer solution to remove the excess nanoparticles 
and any surface adsorbed nanoparticles. Cell imaging of Au NSs/PVP and Au 
NBs/PVP treated cancer cells were performed on a confocal microscope (Leica 
TCS SP5 X) equipped with a water-immersion objective. A 800 nm 
femtosecond laser was used as the excitation source and emission signals from 
600 to 650 nm were detected. Leica Application Suite Advanced Fluorescence 
(LAS AF) was employed for image processing. 
3.3 Results and Discussion 
3.3.1 Preparation of Au Nanoparticles 
Au NSs, NCs, NTs, NRs and NBs were prepared by using wet chemical 
methods. Figure 3.1 shows the SEM images and extinction spectra of the as-
prepared Au nanoparticles of different shapes. Au NSs, NCs, NTs and NBs have 
an average size of ~100 nm in diameter or edge length. Au NRs have a length 
of 100 nm and a diameter of 44 nm with an aspect ratio of 2.3. Extinction spectra 
of Au NSs and NCs were observed to display a single LSPR band at 570 nm 
and 600 nm, respectively (Figure 3.1F). These peaks correspond to the dipolar 
plasmon mode of Au NSs and NCs, respectively.15,24 However, Au NTs, NRs 
and NBs exhibit multiple LSPR bands. Two partially overlapped bands of Au 
NTs can be attributed to out-of-plane (548 nm) and in-plane (636 nm) dipolar 
plasmon modes, respectively.15,25 Two well-separated LSPR bands of Au NRs 
at 530 and 690 nm arise from transverse and longitudinal LSPR modes, 
respectively.20 Extinction spectrum of Au NBs displays two broad bands at 636 
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nm and 970 nm, which are significantly broader than those of other shapes due 
to size distribution among different particles and existence of different tips 
within each NB particle.22,26 
 
Figure 3.1 SEM images (A-E) and extinction spectra (F) of the prepared Au 
nanoparticles, including Au NSs (A), Au NCs (B), Au NTs (C), Au NRs (D) and 
Au NBs (E). The scale bars are 100 nm. 
3.3.2 Scattering Spectra Measurements of Single Au Nanoparticles 
As chemically prepared nanoparticles are generally inhomogeneous in 
size and shape, conventional ensemble-based optical measurements in solution 
can only give averaged results of particles of different sizes and shapes. To 
investigate the intrinsic optical properties of Au nanoparticles of particular 
morphology, optical properties of these Au nanoparticles were measured on the 
single-particle level to overcome the limitation of ensemble based 
measurements. Transparent and conductive ITO glass was used as the substrate 
because particles on ITO glass can be conveniently characterized by both optical 
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microscopy and SEM.27 A highly diluted Au nanoparticle solution was drop-
casted onto the ITO substrate so that only one nanoparticle can be found within 
the focal volume of the excitation beam. Each bright spot in the dark-field image 
corresponds to a nanoparticle or a small cluster in the SEM image. A pattern-
matching method was utilized to correlate their morphology (determined by 
SEM) with scattering and TPPL images (measured by optical microscope).23 
Once the correlation was established to locate the target Au nanoparticle, its 
scattering and TPPL spectra were subsequently measured. 
 
Figure 3.2 Normalized scattering spectra of single Au NS, Au NC, Au NT, Au 
NR and Au NB.  
Single particle scattering spectra were measured by using dark-field 
scattering on an inverted Nikon Eclipse Ti microscope. Figure 3.2 shows typical 
single particle scattering spectra of Au nanoparticles of different morphologies 
under non-polarized white light excitation and the corresponding high-
magnification SEM images. Single particle scattering spectra (Figure 3.2) of 
various Au nanoparticles (except Au NBs) display similar spectral profiles, but 
much narrower spectral bandwidth compared to the corresponding ensemble-
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averaged extinction spectra measured in solution (Figure 3.1F). Single particle 
scattering spectra of Au NSs, NCs, NTs and NRs display a single dominant 
dipolar plasmon resonance band. The spectra profiles of different particles of 
the same morphology are similar to each other except the peak positions are 
slightly different (Figure 3.3). These results show that single particle 
measurements help to eliminate the broadening due to sample inhomogeneity, 
resulting in narrower spectra in single particle measurements compared to the 
ensemble measurements. Au NBs display quite different behaviors compared to 
other morphologies. Single particle scattering spectra of Au NBs show more 
complicated pattern with broader spectra composed of a few overlapped bands, 
which can be ascribed to multiple plasmon modes arising from various tips.26,28 
Different single Au NBs show not only different band maximum positions, but 
also different spectral profiles (Figure 3.3E). A single Au NB is composed of 
several sharp tips with different lengths and orientations, which are different for 
different single Au NBs, resulting in much broader and complicated spectral 




Figure 3.3 Comparison of ensemble extinction spectra and single particle 
scattering spectra for Au NS (A), Au NC (B), Au NT (C), Au NR (D) and Au 
NB (E). Three different single particles of each shape were measured. Both 
extinction spectra and scattering spectra were excited by unpolarized light. (F) 
Scaled ensemble extinction spectra under unpolarized excitation and scattering 
spectra of single Au NBs under different polarized excitation. 

























































































































Figure 3.4 Polarization-dependent scattering spectra of Au NS (A), Au NC (B), 
Au NT (C), Au NR (D) and Au NB (E). Insets: corresponding polarization-
dependent scattering peak intensity and SEM images of Au NS, Au NC, Au NT, 
Au NR and Au NB. The red arrows in SEM images indicate the 0 degree of 
white light polarization. The scattering peak intensities of the single Au NR can 
be well fitted with a cos2θ function versus the polarization angles. 
Polarization-dependent scattering spectra of single Au nanoparticles of 
different shapes were further measured by using polarized white light to 
understand the origin of the observed plasmon modes (Figure 3.4). Scattering 
spectra of a single Au NS, Au NC and Au NT display little polarization 
dependence, likely due to their nearly isotropic shapes, which is consistent with 
the previous reports.27,29,30 Scattering spectra of a single Au NR exhibit strong 
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polarization dependence (Figure 3.4D). The scattering spectrum of a single Au 
NR is dominated by the longitudinal LSPR mode when the excitation 
polarization is along the long axis of the Au NR, while it is dominated by the 
transverse LSPR mode when the excitation polarization is perpendicular to the 
long axis. Polarization-dependent scattering intensities of the longitudinal band 
could be well fitted with a cos2θ function (θ is the polarization angle), consistent 
with the previous studies.31 The scattering spectrum of a single NB show very 
interesting polarization dependence. Significant changes in the spectral shape 
and mild changes in intensity were observed (Figure 3.4E). The origin of these 
LSPR bands could be understood as hybridization of plasmon modes of the core 
and tips, as previously studied by Nehl and Hao et al.26,28 Different bands were 
selectively excited when the polarization was along the individual particular 
arm. These results indicate that extinction spectrum of Au NB solution is not 
only broadened by the sample inhomogeneity in morphologies, but also the 
intrinsic distribution of various tips in different directions. 
3.3.3 TPPL Measurements of Single Au Nanoparticles 
TPPL intensities of single Au nanoparticles of different shapes were 
measured on the same microscope by using a femtosecond oscillator as the 
excitation source. The linearly polarized laser beam (λ = 820 nm) was focused 
onto the particle by using an oil immersion objective lens (100×, NA=1.25) and 
the emission signals between 450 and 750 nm were collected by the same 
objective lens. The two-photon excitation nature of the observed emission was 
confirmed by their excitation power dependence: slopes of 1.9, 2.1, 1.8, 2.2 and 
2.1 were obtained from the log-log plot for single Au NSs, NCs, NTs, NRs and 
NBs, respectively (Figure 3.5A). Photo-stability of these nanoparticles was 
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further confirmed by monitoring their TPPL intensities of a series of 
measurements, which remained nearly constant for up to 10 measurements 
(Figure 3.5B). 
 
Figure 3.5 (A) Excitation power dependence of TPPL intensities of various 
single Au nanoparticles. (B) Photo-stability of single Au nanoparticles under 
multiple TPPL measurement scans. 
Polarization dependent TPPL intensities and spectra of single Au 
nanoparticles of different shapes were investigated under different excitation 
polarization directions. TPPL intensities of single Au NSs, NCs and NTs show 
little polarization dependence while strong polarization dependence is observed 
for single Au NRs and NBs (Figure 3.6). As Au NSs, NCs and NTs have nearly 
isotropic shapes, their TPPL intensities and scattering spectra are almost 
insensitive to the excitation polarization. TPPL spectra of single Au NSs, NCs 
and NTs closely resemble their corresponding single-particle scattering spectra 
(Figure 3.7), suggesting that TPPL spectra were strongly modulated by the 
corresponding LSPR modes.27,32,33 TPPL intensities and scattering spectra of 
single Au NRs were observed to be strongly polarization dependent. TPPL 
spectrum of single Au NRs resembles the corresponding scattering spectrum 
when the excitation polarization is parallel to the long axis. However, TPPL 
intensity of a single Au NR under excitation polarization along the long axis is 
much larger (~130 times) than that under excitation with polarization 
















































perpendicular to the long axis (Figure 3.6D), consistent with the previous 
studies.8 TPPL intensity of a single Au NB with optimum excitation polarization 
is ~5 times larger than that under unfavorable excitation. TPPL spectrum of Au 
NB (Figure 3.7E), however, only partially resembles the scattering peak near 
the excitation wavelength, suggesting that only the LSPR mode resonant with 
the excitation wavelength can be effectively excited, which selectively 
modulate the observed TPPL and consequently enhance the corresponding 
emission part. All these results suggest that TPPL spectra of Au nanoparticles 
are strongly modulated by the excited LSPR mode. 
 
Figure 3.6 Polarization-dependent TPPL intensities of single Au NS (A), Au 
NC (B), Au NT (C), Au NR (D) and Au NB (E). TPPL intensities of the single 
Au NR can be well fitted with a cos4θ function versus excitation polarization 
angles. 
The close resemblance of single particle TPPL and scattering spectra for 
Au NSs, NCs, NTs, and NRs under optimum excitation polarization (Figure 3.7) 
have been previously explained by two different mechanisms, plasmon 
emission and plasmon-modulated emission.17,32-34 Plasmon emission model 
assumes that the hot electrons lose their energy nonradiatively, and convert to 
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LSPR, which emits a photon of the same energy as LSPR.32,33 Plasmon-
modulated model assumes that the radiative recombination of electrons and 
holes is strongly modulated by LSPR, which selectively enhance the emission 
rate at the LSPR frequency by lightning rod effect.17,34 Both mechanisms result 
in resemblance of TPPL spectra and extinction spectra of the single Au 
nanoparticles. 
 
Figure 3.7. Normalized scattering (black) and TPPL (red) spectra of single Au 
NS (A), Au NC (B), Au NT (C), Au NR (D) and Au NB (E). The scattering and 
TPPL spectra were measured with excitation polarization along the red arrows, 




Figure 3.8. Comparison of ensemble and single particle TPPL spectra for Au 
NS (A), Au NC (B), Au NT (C), Au NR (D) and Au NB (E). Three different 
single particles of each shape were measured. 
Compared to the ensemble TPPL spectra in solution, the single particle 
TPPL of various Au NPs are significantly narrower (Figure 3.8). Choices of 
individual single particles and different surrounding environments are partially 
responsible for the observed spectral difference. The ensemble TPPL of Au NSs, 
NCs and NTs are actually red-shifted compared to single particle spectra, 
suggesting that those particles with red emission contributed larger weightage 
to the ensemble TPPL spectra due to stronger resonance with the excitation 
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wavelength. It is interesting that Au NRs and Au NBs, which show strongly 
polarized single particle TPPL, displayed opposite trends. The ensemble TPPL 
spectra of Au NRs and NBs actually have more contributions from the shorter 
wavelength (higher energy) components. Such difference in Au NRs might be 
partially due to highly polarized excitation and emission in single particle 
measurements versus randomly oriented Au NRs in the ensemble solution 
measurements. Au NBs also displayed highly polarized single particle TPPL 
with smaller depolarization ratio compared to Au NRs. The detail understanding 
of such difference needs further investigation. 
TPPL intensity of Au nanoparticles was found to display striking 
dependence on the particle morphology. Figure 3.9 shows relative TPPL 
intensities of single Au nanoparticles of different shapes based on results of 15 
particles of each category. The excitation was under optimum polarizations of 
the corresponding particle shape. Based on the quadratic dependence of power, 
TPPL intensities of each shape were compared under the same excitation power. 
Au NSs display the weakest TPPL while Au NBs display the strongest TPPL. 
TPPL intensity increases in the order of NS, NC, NT, NR and NB. The averaged 
TPPL intensities of single Au NCs, Au NTs, Au NRs and Au NBs were 6, 18, 
506 and 47750 times that of single Au NSs, respectively. This huge difference 
in TPPL intensities arises from several factors. First, plasmon band of Au NSs 
is far off-resonant with the excitation wavelength while the resonance effect is 
largest for Au NBs. Larger resonance effect provides larger local electric field 
amplification at the excitation wavelength,15,26 which results in an increase in 
two-photon excitation efficiency. Furthermore, plasmon modes resonant with 
the excitation wavelength also provide intermediate states to significantly 
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enhance two-photon excitation process.35-37 In addition, sharp edges of Au NBs 
could concentrate charges and consequently enhance the local electric field 
strength owing to the well-known lightning rod effect,17,24,26,29,38 resulting in 
significant enhancement in two-photon excitation efficiency. By using 
monodisperse 808 nm Au NRs as the reference,39 two-photon action cross 
section of 690 nm Au NRs at 820 nm can be determined (4.2×104 GM). Since 
the prepared 690 nm Au NRs is very monodisperse, this value is assume to be 
the same for the single 690 nm Au NRs at 820 nm, which is used as the standard 
to calculate two-photon action cross sections of other Au nanoparticles. Based 
on their relative single particle TPPL intensity, two-photon action cross sections 
of single Au NSs, Au NCs, Au NTs, Au NRs (LSPR band maximum at 690 nm) 
and Au NBs were estimated to be ~83, ~500, ~1.5×103, ~4.2×104, and ~4.0×106 
GM, respectively (Table 3.1). 
 
Figure 3.9 Relative TPPL intensities of single Au NSs, Au NCs, Au NTs, Au 
NRs and Au NBs. TPPL intensities were analyzed based on results of 15 
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 (a) Molar extinction coefficients were measured by following the method from 
Orendorff.40 (b) Two-photon action cross sections measured in water solutions. 
Au NRs with LSPR at 808 nm was chosen as a standard. (c) Two-photon action 
cross section of 808 nm Au NRs at 808 nm, reported by Zijlstra et al.39 (d) Two-
photon action cross section of 808 nm Au NRs at 820 nm. (e) Two-photon action 
cross section of 690 nm Au NRs at 820 nm. 
3.3.4 Laser-induced Melting of Single Au Nanobranches 
To understand the role of sharp edges in enhancement of optical 
properties, a single Au NB was intentionally melted and its optical properties 
were monitored during the melting processes. The Au NB particle was melted 
by taking advantage of the photo-thermal effect of Au nanoparticles31,39,41 under 
strong femtosecond laser irradiation at λ = 820 nm. The particle was gradually 
re-shaped by laser irradiation of increasing power (5, 10, 25 and 50 mW, 2 min 
each step) in sequence. Scattering spectra, TPPL intensities and SEM images 
were measured right after each irradiation and their evolution are shown in 
Figure 3.10. It can be seen that the original scattering band at 750 nm decreased 
in intensity and a new band appeared at 690 nm after 5 mW laser irradiation for 
2 min (Figure 3.10A). The 690 nm band further increased in intensity and the 
750 nm band completely disappeared upon subsequent laser irradiation at 10 
and 25 mW for 2 min. The 690 nm band further shifted to blue and decreased 
in intensity when the particle was subsequently irradiated with 50 mW for 2 min 
each. SEM images clearly show that the Au NB particle initially went through 
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gradual rounding and shrinking at low irradiation powers, and suddenly 
collapsed to the energetically favored quasi-spherical shape (Figure 3.10C), 
consistent with the previous theoretical studies by Wang et al.42 The evolution 
of scattering spectra was found to be strongly related to the melting and 
reshaping of Au NB. It is interesting to note that the melting processes started 
from the sharp tip along the laser polarization (highlighted by the red circle in 
Figure 3.10C), which disappeared when the irradiation power increased to 25 
mW. The disappearance of this sharp tip was concomitant with the 
disappearance of 750 nm band in the scattering spectra, suggesting a strong 
correlation between them. This is consistent with previous experimental 
observation on the laser-induced melting of Au NRs.39 During the melting 
process, TPPL intensity of Au NB dramatically decreased after irradiation 
(Figure 3.10B). The final TPPL intensity decreased to only 0.6% of the initial 
TPPL intensity. These results indicate that the tips have a significant influence 
on the local electric field amplification,26 and consequently play an important 
role in two-photon excitation efficiency.  
 
Figure 3.10 Scattering spectra (A), relative TPPL intensities (B) and SEM 
images (C) of single Au NB during the laser induced melting processes under 
sequential irradiation of different laser power for 2 min. The earliest melting tip 
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is highlighted by a red circle. Horizontally polarized laser beam was used for 
laser induced melting, scattering spectra and TPPL measurements. 
3.3.5 Two-photon Cell Imaging 
Excellent TPPL properties of Au NBs make them attractive imaging 
contrast agents. Two-photon imaging capability of Au NBs was demonstrated 
in HepG2 cancer cells. For direct comparison, experiments using Au NSs were 
also performed under the same experimental conditions. Au NBs and Au NSs 
were first modified with PVP to reduce the cytotoxicity (Figure 3.11). After 
incubation with Au NSs/PVP and Au NBs/PVP for 3 hrs, two-photon imaging 
of cancer cells was performed on a confocal microscope by using a femtosecond 
Ti-sapphire oscillator with central wavelength at 800 nm as the excitation source 
and detecting the emission signals from 600 to 650 nm. It can be seen that 
intense TPPL signals were observed from Au NBs/PVP-treated cancer cells 
(Figure 3.12), in contrast to poor images when Au NSs were used as the contrast 
agent. Moreover, the TPPL signals from Au NBs are mainly in near-infrared 
range. Thus, the emission light from Au NBs will be less scattered by the bio-
tissues, and form a sharper TPPL image. Overlaid TPPL and bright field images 
indicate that no TPPL was observed in the nucleus portion and Au NBs have 
been internalized into the cytoplasm portion of the cells. A few bright spots in 
the image of Au NSs-treated cells mainly arose from coupled Au NSs, as TPPL 




Figure 3.11 Cell viability of Hep G2 cells after incubation with increasing 
concentrations of Au NSs/PVP and Au NBs/PVP, as determined by the XTT 
assay. The concentration of Au NPs was based on the extinction peak intensity 
of Au NSs and Au NBs. 
 
Figure 3.12 Transmission (A), TPPL (B), and merged (C) images of HepG2 
cells after incubation with Au NSs/PVP (i) or Au NBs/PVP (ii).  
Organic fluorophores and quantum dots generally tend to aggregate in 
biological environments and cause fluorescence quenching, which is 
disadvantageous for their biomedical applications.45-48 Our recent studies 
demonstrated that aggregation of Au and Ag NSs, and Au NCs could result in 
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enhanced TPPL, which is actually beneficial for biological applications.36,49 
Aggregation of Au NRs that emit strong TPPL however causes a reduction in 
TPPL intensity,50 which is disadvantageous for their applications. We have 
checked the aggregation effects on TPPL properties of Au NBs by using 
cysteamine to induce the formation of aggregates. TPPL intensities of Au NBs 
actually were found to decrease first and then slightly increase upon formation 
of nano-aggregates (Figure 3.13). Strong TPPL of Au NBs and insensitivity to 
aggregation effects make them excellent two-photon bio-imaging probes.  
 
Figure 3.13 Extinction spectra (A), TPPL spectra (B) and Integrated TPPL 
intensities (C) of isolated and coupled Au NBs.  
3.4 Conclusion 
We have investigated scattering spectra and TPPL properties of Au 
nanoparticles of different shapes on the single-particle level and explored their 
potential applications in two-photon imaging of cancer cells. Au nanoparticles 
of five different shapes (NS, NC, NT, NR and NB) with similar dimensions were 
chosen for the studies. TPPL spectra of these Au nanoparticles were found to be 
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strongly modulated by plasmon resonance. TPPL intensity was found to be 
strongly dependent on the shape of Au nanoparticles. TPPL intensity increases 
in the order of NS, NC, NT, NR and NB. The averaged TPPL intensities of 
single Au NCs, Au NTs, Au NRs and Au NBs were 6, 18, 506 and 47750 times 
that of a single Au NS, respectively. Two-photon action cross sections of single 
Au NSs, Au NCs, Au NTs, Au NRs and Au NBs were estimated to be ~83, ~500, 
~1.5×103, ~4.2×104, and ~4.0×106 GM, respectively. Strong TPPL of Au NBs 
can be ascribed to their large two-photon excitation efficiency due to more 
resonant intermediate states and large local electric field amplification at the 
tips of Au NBs. Laser-induced melting experiments on a single Au NB 
demonstrated that its sharp tips played an important role in the observed strong 
TPPL. These Au NBs can act as excellent two-photon imaging contrast agents, 
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Chapter 4. Single Particle Study of Plasmon-modulated 
Photoluminescence in Coupled Au Nanocube Cluster 
4.1 Introduction 
Photoluminescence (PL) from smooth gold films was first reported by 
Mooradian in 1969, with a quantum yield of ~10-10.1 Due to its low emission 
efficiency, application by using photoluminescence of gold (Au) remained 
stagnant until people found the emission efficiency of gold nanoparticles was 
hugely enhanced owing to lightning rod effect.2 In comparison to dye molecules, 
gold nanoparticles show a 5-order higher absorption cross section.3 Moreover, 
gold nanoparticles are more robust, and do not suffer from photoblinking or 
photobleaching under laser irradiation.4-7 Thus, PL of Au nanoparticles is 
currently of tremendous interest for its broad application, ranging from 
chemical and biological sensing to cell imaging to data storage.8-12 
The mechanism in emission process of gold nanoparticles was initially 
assigned to the radiative recombination of the electrons in conduction band with 
the holes in the d band, from the results of ensemble measurements.1,2 On single 
particle level, however, recent studies found that photoluminescence spectrum 
of single Au nanoparticle or coupled Au nanoparticles perfectly resembles the 
scattering spectrum, which was different from the broad emission spectra of 
ensemble measurements.13-18 Two emission mechanisms, plasmon-induced 
modulation of interband transition and plasmon emission have been put forward 
to explain the close resemblance.2,13,14,16 The first mechanism is the direct 
radiative recombination of electron-hole pairs, followed by plasmon-induced 
modulation.2,13 The other mechanism is the radiative decay of the surface 
plasmon, generated by the non-radiative recombination of electron-hole 
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pairs.14,16 Both mechanisms emphasized that surface plasmon plays an 
important role in the emission process. 
Due to insufficiency of evidence, only a few studies have gone into the 
mechanism of single particle photoluminescence. Plasmon emission of Au 
nanospheres with varied radii was reported by Dulkeith and co-workers.14 They 
demonstrated that the emission is strongly related to the radiative decay of 
surface plasmon. Recently, Fang et al. reported one-photon excitation behavior 
of single particle photoluminescence by utilizing 785 nm CW laser as 
excitation.16 Close resemblance between scattering and emission was observed 
in near-infrared range. Since 785 nm CW laser is impossible to excite the 
interband transition in gold, plasmon emission mechanism has been proposed. 
However, Beversluis et al. found that the photoluminescence of rough gold film 
exhibits different mechanisms in visible range and in near-infrared range.13 
Hence, the one-photon excitation behavior by using 785 nm CW laser has not 
provided enough evidence for plasmon emission in visible range. Up to now, 
these findings only indicate a strong correlation between photoluminescence 
and surface plasmon. The exact role of the surface plasmon involved in the 
photoluminescence process is still under debate. 
Herein, we studied the scattering and photoluminescence of Au 
nanocube (Au NC) cluster on single particle level. Single particle spectroscopy 
technique is utilized since it can avoid the inhomogeneous broadening effects 
in ensemble measurements. The correlated scattering and photoluminescence 
spectra allow us to examine the role of surface plasmon played in the emission 
process. We found photoluminescence peak of Au dimer is not overlapped with 
the scattering peak, when the emission process is influenced by more than one 
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plasmon coupling band. Moreover, the photoluminescence spectral profiles by 
one-photon excitation or by two-photon excitation cannot be well overlapped. 
This is because different plasmon band is dominant in the local electric field 
enhancement by different excitation wavelength. These findings provide new 
insight into the mechanism of photoluminescence of Au nanoparticles. 
4.2 Experimental Section 
4.2.1 Chemicals 
Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·3H2O, 99.9%), 
silver nitrate (AgNO3, 99%), poly(vinylpyrrolidone) (PVP, MW~55 000) and 
1,5-pentanediol(PD, 96%) were purchased from Sigma-Aldrich and used as 
received. All glassware was washed with aqua regia and extensively rinsed with 
deionized water (resistance=18.1 MΩ·cm). 
4.2.2 Preparation of Au NCs 
Au NCs were prepared by using the same method in Chapter 2.19  
4.2.3 General Instrumentation 
Extinction spectrum of Au NCs was measured by using a Shimadzu UV 
2250 spectrometer. Scanning electron microscopy (SEM) images were obtained 
with a JEOL JSM-6701F electron microscope, operated at 5 kV. Transmission 
electron microscopy (TEM) images and energy-dispersive X-ray spectroscopy 
(EDS) were obtained with a JEOL 2010 transmission electron microscope, 
operated at 200 kV. 
4.2.4 Single Particle Sample Preparation 
Single particle samples were prepared on ITO substrates by drop-casting. 
ITO substrates were marked and cleaned as previously reported.20 The as-
prepared solution of Au NCs was diluted 1000 times by ethanol. Extinction peak 
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intensity of Au NC solution was around 0.02 after dilution. The diluted Au NC 
solution was then drop-casted onto the pre-marked and pre-cleaned ITO 
substrates, and dried at 50 oC in the oven. The dried samples were subsequently 
ultrasonicated in deionized water for 3 min to remove excess PVP surfactant 
and achieve suitable particle density on ITO substrate. 
4.2.5 Single Particle Scattering Spectra Measurements 
Dark-field scattering spectra were measured by a slit-imaging technique, 
as described in Chapter 1.17 The sample was immobilized on a three-
dimensional piezoelectric translation stage (PI E-710) for precise sample 
positioning. The illumination light was from a quartz-tungsten-halogen lamp 
(100 W) through a Nikon dark field condenser (NA=0.80~0.95). The scattered 
light was collected by an oil immersion objective lens (100×, NA=0.5), and 
detected by a CCD camera (Andor DR-328G-C01-SIL) integrated with a 
monochromator (Acton Spectra Pro 2150i). The entrance slit on the 
monochromator was narrowed to monitor a single cluster. The scattering spectra 
were corrected by removing the background spectra recorded at the position 
without nanoparticles and then divided by the spectral profile of the light source. 
For polarized scattering spectra measurements, a sheet of polarizer was placed 
between the white light and dark-field condenser. 
4.2.6 Single Particle TPPL Measurements  
Single particle TPPL spectra were measured by the same microscopy 
system as the scattering spectra measurements. (See details in Chapter 1) A 785 
nm femtosecond laser was used as excitation source. The laser beam was filtered 
by a 785/10nm bandpass filter and then expanded by another set of 5× beam 
expander. The laser beam was reflected by a 50/50 beam splitter and then 
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focused onto the sample by the same objective lens as scattering spectra 
measurements. Then the emission signal was collected by the same objective 
lens and filtered by a 785 nm notch filter before entering the monochromator 
(Acton, Spectra Pro 2300i) coupled CCD (Princeton Instruments, Pixis 100B) 
for TPPL spectra measurements. For TPPL spectra measurements under 
different polarization, a quarter waveplate and a polarizer were utilized to tune 
the laser polarization. Different excitation power density were used for TPPL 
measurements to prevent nanoparticle from melting induced by photothermal 
effect. The excitation power densities were ~1.7×106 W/cm2 and ~3.5×105 
W/cm2 for Au NC monomers and dimers, respectively. 
Single particle TPPL intensity measurements were performed on the 
same setup as above, based on raster-scanning technique. (See details in Chapter 
1) In order to enhance the collection efficiency, the same oil-immersed objective 
with different numerical aperture (NA=1.25) was used to focus the laser beam 
onto the sample. The emission signals were collected by the same objective and 
filtered by a 442 nm long pass filter and a 750 nm short pass filter to remove 
second-harmonic signal and suppress laser scattering. Then the emission signals 
were detected by the monochromator (Acton, Spectra Pro 2300i) coupled CCD 
(Princeton Instruments, Pixis 100B).  
4.2.7 Single Particle OPPL Measurements  
OPPL measurements were performed on the same setup as TPPL 
measurement. The excitation source was a 532 nm CW diode pumped solid state 
laser (Beijing Viasho Technology, VA-I-SLM-532), filtered through a 532 nm 
line filter to eliminate non-lasing lines and spontaneous emission. The laser 
beam was spatially expanded by a 5× beam expander, and then focused onto the 
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sample by an oil immersion objective lens (100×, NA=0.5). The emission signal 
was collected by the same objective lens and filtered by a 532 nm long pass 
filter before entering a monochromator (Acton, Spectra Pro 2300i) coupled 
CCD (Princeton Instruments, Pixis 100B) for OPPL spectra measurements. 
4.3 Results and Discussion 
4.3.1 Preparation of Au NCs 
Single-crystalline Au NCs were prepared by using a polyol reduction 
method, with PVP as a capping agent.19 Figure 4.1 shows the SEM image and 
normalized extinction spectrum of the as-prepared Au NCs. Their sizes and 
shapes are in good monodispersity, with an average edge length of 106±10 nm. 
The normalized extinction spectrum shows that Au NCs only exhibit one 
localized surface plasmon resonance (LSPR) band centered at 600 nm, 
corresponding to a dipolar plasmon mode.21  
 
Figure 4.1 SEM image and normalized extinction spectrum of Au NCs. 
4.3.2 Scattering Spectra Measurements of Au NC Monomer and Dimer 
SEM coupled single-particle spectroscopy is an essential method to 
study the plasmon coupling between metal nanoparticles and eliminate effects 
due to inherent sample heterogeneity. Transparent and conductive ITO-coated 
glass was chosen as the substrate since it can be characterized by both dark-field 
imaging and SEM. Au NC monomers and dimers were formed by depositing 
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diluted Au NCs solution onto ITO-coated glass. Each bright spot in dark-field 
image is correlated with one Au NC cluster in SEM image. Pattern matching 
method was utilized to correlate optical properties with the number and ordering 
in Au NC clusters. (see details in Chapter 1) The perfect matching indicates that 
the same region was probed by dark-field imaging and SEM. Because of the 
random aggregation of Au NCs on substrate, only small numbers of monomers 
and dimers of interest can be found for further investigation. It is noteworthy 
that the orientation of the monomer and dimer relating to the polarization of 
incident light can be identified by the relative position and angle of the adjacent 
particles. 
Figure 4.2 shows the scattering spectra of Au NC monomer and dimer, 
illuminated by non-polarized white light. The scattering spectrum of Au NC 
monomer exhibits one LSPR band centered at 615 nm, corresponding to dipolar 
resonance (Figure 4.2A). This dipolar mode was red-shifted with respect to the 
ensemble spectrum (~600 nm), attributed to the high refractive index of ITO 
substrate.22,23 A small peak was observed at 515 nm, which is likely originated 
from the quadrupolar resonance of Au NC monomer.21 However, the scattering 
spectrum of Au NC dimer exhibits three LSPR bands (Figure 4.2B). These three 
LSPR bands are centered at 602 nm (Peak I), 652 nm (Peak II) and 770 nm 
(Peak III), respectively. In our previous work, Au nanosphere (Au NS) dimer 
with comparable size only displays a dominant peak in scattering spectrum.17 
This inconsistence may arise from the larger coupling area between two Au NCs 




Figure 4.2 Scattering spectra of Au NC monomer (A) and dimer (B) illuminated 
by non-polarized white light. Insets: corresponding SEM images of Au NC 
monomer and dimer. Scattering spectrum of Au NC dimer was fitted by Lorentz 
function. 
To clarify the origin of these observed LSPR bands, polarization-
dependent scattering spectra of Au NC monomer and dimer were measured 
under polarized white light illumination. Figure 4.3 shows the scattering spectra 
and LSPR peak intensities of Au NC monomer and dimer illuminating by 
polarized white light. Scattering spectra and LSPR peak intensities of Au NC 
monomer exhibit little polarization dependence, likely due to its nearly isotropic 
shapes (Figure 4.3A & 4.3B).24 Peak intensities of Au NC dimer were obtained 
by using Lorentz fitting. In contrast to Au NC monomer, scattering spectra and 
LSPR peak intensities of Au NC dimer display strong polarization dependence 
(Figure 4.3C & 4.3D). When polarization of white light was parallel to the 
assembly axis of Au NC dimer, two LSPR peaks were observed at 652 nm and 
770 nm, respectively. The two peaks are similar to longitudinal mode of a single 
Au nanorod. When polarization of white light was perpendicular to the 
assembly axis of Au NC dimer, one LSPR peaks were observed at 602 nm. This 
peak is similar to transverse mode of a single Au nanorod. Thus, Peak II and 
Peak III observed in Figure 4.2B is excited by polarized white light along 
assembly axis, while Peak I is excited by polarized white light perpendicular to 
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assembly axis. Figure 4.3D shows that all the LSPR peak intensities can be 
fitted by a cos2θ function versus the polarization angles, which are similar to 
that of a single Au nanorod.9 Moreover, the polarization-dependent LSPR peak 
intensities of Peak II and III display similar profiles to each other, and 
orthogonal profile to that of Peak I (Figure 4.3D). These results further indicate 
that plasmon mode of Peak II and III resonate in the same direction, while 
plasmon mode of Peak I resonates in the orthogonal direction to that of of Peak 
II and III. In our previous work, we found that Au NS dimer only exhibited a 
single LSPR band, when polarization of white light was parallel to assembly 
axis.17 This discrepancy is likely due to face-to-face coupling for Au NC dimer, 
while Au NS dimer exhibits point-to-point coupling. This will be further 
discussed in the following. 
 
Figure 4.3 Polarization-dependent scattering spectra of Au NC monomer (A) 
and dimer (C). Insets: Schemes of Au NC monomer and dimer. The red arrows 
indicate the 0 degree of white light polarization. Corresponding polarization-
dependent scattering peak intensity of Au NC monomer (B) and dimer (D). 
Scattering peak intensities of Au NC dimer were obtained by Lorentz fitting. 
All the scattering peak intensities of Au NC dimer can be well fitted by a cos2θ 
function versus the polarization angles. 
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Figure 4.4A shows the schemes of the coupling between two Au NCs. 
In comparison to Au NC monomer, the formation of red-shifted longitudinal 
modes (Peak II and III) and blue-shifted transverse mode (Peak I) can be 
explained by plasmon hybridization model, which considers the plasmon 
coupling as molecular hybridization.25-28 In this model, two red-shifted plasmon 
modes and one blue-shifted plasmon mode can be analogous to the formation 
of J-aggregate and H-aggregate, respectively. The other two modes in Figure 
4.4A are optically invisible since their overall dipolar moments are zero. As only 
one longitudinal mode has been observed in Au NS dimer, it is of great interest 
to figure out the origination of two longitudinal modes in Au NC dimer. 
Hooshmand et al. theoretically demonstrated that plasmon coupling in Au NC 
dimer occurs at two locations, adjacent facets (Peak II) or adjacent corners (Peak 
III), with different LSPR wavelengths (Figure 4.4A).29 The intensity ratio 
between these two types of plasmon coupling is strongly dependent on the gap 
distance between two Au NCs. With decreasing the gap distance, plasmon 
coupling between adjacent corners (Peak III) will be converted to plasmon 
coupling between adjacent facets (Peak II). Figure 4.4B shows normalized 
scattering spectra of three different Au NC dimers. From Dimer 1 to Dimer 3, 
Peak II was red-shifted from 652 nm to 709 nm, which indicates that the gap 
distance decreased, based on the plasmon ruler equation.30 This decrease of gap 
distance leads to the decrease of intensity ratio between Peak II and Peak III 
from Dimer 1 to Dimer 3. These results are consistent with the simulation results 
from Hooshmand et al., which further confirms the origination of Peak II and 
Peak III. TEM images show that gap distances between Au NC dimers changes 
from 0.5 nm to 2.5 nm, which confirms that the change of LSPR peak position 
109 
 
is resulting from the vibration of gap distance (Figure 4.4C). 
 
Figure 4.4 (A) Scheme of plasmon hybridization mode. The polarization of 
light is parallel (left) or vertical (right) to the assembly axis. Black arrows are 
the dipolar modes in Au NC. The red stars between nanocubes indicate the hot 
spots generated by plasmon coupling of Au NC dimer. (B) Normalized 
scattering spectra of three Au NC dimers. (C) Distribution of gap distance 
between Au NC dimer. Inset: TEM image of Au NC dimer.  
4.3.3 TPPL Measurements of Au NC Monomer and Dimer 
TPPL spectra and intensities of Au NC monomer and dimer were 
measured by using 785 nm femtosecond laser as excitation source. The linear 
polarized laser beam was focused onto Au NC monomer or dimer by using an 
oil immersion objective lens (100×, NA=1.25). TPPL signals were collected by 
the same objective. 785 nm notch filter was placed before detector to suppress 
laser scattering and measure TPPL spectra. For TPPL intensity measurements, 




Figure 4.5 shows the TPPL spectra of Au NC monomer and dimer under 
different excitation polarization. Au NC monomer displays single TPPL peaks 
under horizontal and vertical excitation polarization, which perfectly resemble 
the corresponding scattering spectra (Figure 4.5A & 4.5B). Similarly, TPPL 
spectrum of Au NC dimer under vertical excitation polarization exhibits well 
resemblance with its corresponding scattering spectrum (Figure 4.5D). These 
results indicate that TPPL of Au NC monomer is strongly related with the 
surface plasmon, in consistence with previous findings.14,16,18 In contrast, Au 
NC dimer displays an asymmetric TPPL peak at 682 nm, when excited by 
horizontally polarized laser (Figure 4.5C). This TPPL peak is located between 
the peak positions of two scattering peaks: Peak II and III. The mismatch 
between scattering spectrum and TPPL spectrum indicates that the TPPL signal 
is from radiative interband transition, followed by the synergetic modulation 
from Peak II and III plasmon bands. This mismatch has also been observed in 
other two Au NC dimers (Figure 4.5E & 4.5F). Moreover, Au NC dimer 
displays higher intensity of TPPL peak at longer wavelength than that of shorter 
wavelength. This is owing to higher field enhancement from Peak III than that 
of Peak II in emission process. In addition, the asymmetry of TPPL peak was 
observed to be reduced with increasing the intensity ratio between Peak II and 
Peak III (Figure 4.5E & 4.5F). These results further confirm that plasmon 
bands can modulate the TPPL spectral profile during the emission process, 
instead of plasmon emission. It is noteworthy that the intensity of TPPL peak at 
longer wavelength is still larger than that in shorter wavelength, though the field 
enhancement from Peak III is smaller than that of Peak II (Figure 4.5E & 4.5F). 
This is because Peak III is close to excitation wavelength, and thus LSPR at 
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Peak III is preferentially excited and then enhances the radiative transition rate 
near Peak III. This will be further discussed in the results of one-photon 
photoluminescence. 
 
Figure 4.5 Normalized scattering (black) and TPPL (red) spectra of Au 
monomer (A) and dimer (C) excited at 0 degree. Normalized scattering (black) 
and TPPL (red) spectra of Au monomer (B) and dimer (D) excited at 90 degree. 
(E-F) Normalized scattering (black) and TPPL (red) spectra of the other two Au 
NC dimers, excited at 0 degree. Insets: schemes of Au NC monomer and dimer. 
Red arrows indicate the excitation polarization of laser source. 
Figure 4.6 shows the excitation power dependence and polarization-
dependent TPPL intensities of Au NC monomer and dimer. Due to the mismatch 
between TPPL spectrum and scattering spectrum of Au NC dimer, it is of great 
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importance to confirm whether this mismatch is originated from the different 
mechanism in excitation process. Figure 4.6A shows the log-log plot of 
excitation power dependence of Au NC monomer. Slope of 2.0 was obtained by 
linear fitting the log-log plot. Similar results were obtained from Au NC dimer 
under excitation parallel or perpendicular to assembly axis (Figure 4.6B). These 
results confirm two-photon excitation nature of both Au NC monomer and 
dimer by using 785 nm pulsed laser as excitation source. Moreover, the 
mismatch between TPPL spectrum and scattering spectrum of Au NC dimer is 
not induced by different excitation mechanism, but only induced by plasmon-
modulated emission process. Figure 4.6C shows that Au NC monomer exhibits 
slight polarization dependence under all the excitation polarization, which is 
similar as the corresponding polarization dependence of scattering spectra. This 
further indicates that TPPL is strongly related to surface plasmon. In contrast, 
Au NC dimer displays strong excitation polarization dependence on TPPL 
intensities (Figure 4.6D). When the excitation polarization changes from 
parallel to assembly axis to perpendicular to assembly axis, the TPPL intensity 
of Au NC dimer rapidly decrease. Moreover, these TPPL intensities could be 
well fitted with a cos4θ function (θ is the polarization angle), similar as that of 
Au nanorod. These results indicate that TPPL intensity of Au NC dimer is 
strongly coupled to the longitudinal modes (Peak II and III), owing to strong 
excitation field enhancement and large absorption cross section induced by 





Figure 4.6 Excitation power dependence of TPPL intensities of Au NC 
monomer (A) and dimer (B). Insets: schemes of Au NC monomer and dimer. 
Red arrows indicate the excitation polarization of laser source. All of them can 
be well linear fitted. Excitation polarization-dependent TPPL intensities of Au 
NC monomer (C) and dimer (D). TPPL intensities of Au NC dimer can be well 
fitted by a cos4θ function versus the polarization angles. 
4.3.4 OPPL Measurements of Au NC Monomer and Dimer 
To further confirm that the mismatch between scattering and TPPL 
spectra is originated from plasmon-modulated emission process instead of 
excitation process, OPPL spectra of Au NC monomer and dimer were measured 
by using the same system as TPPL measurement. 532 nm CW laser was filtered 
by 532 nm line filter and utilized as excitation source. 532 nm long pass filter 
was placed before detector to suppress laser scattering and measure TPPL 
spectra.  
Figure 4.7 shows the OPPL spectra of Au NC monomer and dimer under 
horizontal and vertical excitation polarization. Au NC monomer displays single 
OPPL peaks under horizontal and vertical excitation polarization, while Au NC 
dimer displays a single OPPL peak under vertical excitation polarization. All 
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these OPPL peaks perfectly resemble their corresponding scattering spectra 
(Figure 4.7A, 4.7B & 4.7D). When the excitation polarization is parallel to the 
assembly axis of Au NC dimer, OPPL spectrum of Au NC dimer displays a 
dominant peak at 682 nm with a shoulder peak at shorter wavelength (Figure 
4.7C). This OPPL peak is also located between two scattering peaks, similar as 
TPPL peak. These results indicate that the mismatch between scattering and 
photoluminescence spectra is not resulting from different mechanism in 
excitation process. The origin of this mismatch can be only assigned to plasmon-
modulated emission mechanism. 
 
Figure 4.7 Normalized scattering (black) and OPPL (green) spectra of Au 
monomer (A) and dimer (C) excited at 0 degree. Normalized scattering (black) 
and OPPL (green) spectra of Au monomer (B) and dimer (D) excited at 90 
degree. Insets: schemes of Au NC monomer and dimer. 
4.4 Conclusion 
We have investigated scattering and TPPL properties of Au NC 
monomer and dimer on single particle level. Au NC monomer exhibits slight 
polarization dependence in scattering spectra and TPPL intensities, while Au 
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NC dimer exhibits strong polarization dependence. Au NC dimer exhibits two 
scattering peaks when the polarization of white light is along assembly axis. 
These two peaks are assigned to the plasmon coupling between adjacent facets 
and adjacent corners, respectively. TPPL spectra of Au NC monomer exhibit 
perfect resemblance with their corresponding scattering spectra under different 
excitation polarization. TPPL spectrum of Au NC dimer also exhibits perfect 
resemblance with its corresponding scattering spectrum when the excitation 
polarization is perpendicular to the assembly axis. In contrast, TPPL spectrum 
of Au NC dimer mismatches its corresponding scattering spectrum when the 
excitation polarization is parallel to the assembly axis. Instead, the TPPL peak 
is located between two scattering peaks. These results indicates that plasmon-
modulated emission mechanism plays an important role in the emission process 
of Au nanoparticles. Excitation power dependence of TPPL intensities and 
OPPL spectra further confirms that this mismatch is not resulting from different 
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Chapter 5. Visible and Near-infrared Photoluminescence of Gold 
Nanorods and Aggregated Gold Nanospheres 
5.1 Introduction 
Two-photon excitation microscopy has been an attractive technique for 
bio-imaging and photodynamic therapy, owing to its near-infrared (NIR) 
excitation. This NIR two-photon excitation provides many distinct advantages 
over the one-photon excitation used in conventional confocal microscopy. 
Owing to its non-linear light-matter interaction, two-photon excitation only 
restricts at the focal point, which provides 3-dimensional resolution, and 
minimizes photo-bleaching effect.1,2 Moreover, the confined excitation point 
can be spatially focused at perifocal region and reduce the photo-damage of 
healthy bio-tissues, which is actually beneficial for photodynamic therapy.3,4 In 
addition, NIR light in biological transparency window possesses high 
penetration depth in bio-tissues, which enables in-vivo bio-imaging for living 
tissues.5,6 In comparison with confocal microscopy, the collection efficiency of 
two-photon excitation microscopy is much enhanced, as no pinhole is required 
to obtain images with better 3-dimensional resolution. Various contrast agents, 
such as gold (Au) nanoparticles, organic dyes, natural fluorophores, graphene 
oxide, and quantum dots, have been utilized to perform two-photon bio-imaging 
by detecting the visible photoluminescence (PL) signals.3,7-10 As the bio-tissues 
are not transparent to visible light, these visible PL signals will be scattered and 
even “turn around” by bio-tissues. This will increase the spatioangular range of 
PL and reduce the collection efficiency of objective. One obvious solution for 
this problem is to use NIR photoluminescence for contrast generation. However, 
most of the organic dyes with NIR emission have poor photo-stability and low 
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quantum yield, which limits their feasibility in biological application.11,12 
Au nanoparticles have been utilized as attractive labels in biological 
applications, owing to their extraordinary optical properties from localized 
surface plasmon resonance (LSPR).13-15 LSRP, originating from collective 
oscillation of electrons in conductive band, can strongly increase the electric 
field amplitude for excitation and emission, and consequently enhance the PL 
performance of Au nanoparticles.16,17 In comparison to conventional dyes and 
quantum dots, Au nanoparticles possess good photo-stability, low cytotoxicity 
and excellent biocompatibility, making them better candidates for biological 
applications.7,12,18,19 Our previous works have demonstrated that visible two-
photon photoluminescence (TPPL) of Au nanoparticles can be widely utilized 
in bio-sensing and bio-imaging.20-22 The broad TPPL spectra of Au 
nanoparticles observed in our works suggest that there could be potential PL in 
NIR range. Beversluis et al. reported that PL in NIR range from rough Au film 
is comparable to PL in visible range.23 Recently, Fang et al. observed NIR PL 
of a single Au nanorod and investigated the excitation mechanism.24 These 
works suggest that NIR PL has an important role in PL of Au nanoparticles, 
which has not been systematically investigated. 
In this Chapter, we have investigated both visible and NIR PL from a 
series of Au NRs and aggregated Au NSs. Based on the well-developed 
preparation methods, Au NRs with homogeneous shape and size can be easily 
prepared. This makes it possible to study the intrinsic optical properties of Au 
NRs by ensemble measurements instead of single particle measurements. Due 
to the controllable LSPR, Au NRs of different aspect ratios were prepared to 
investigate the relationship between LSPR and PL intensities in both visible and 
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NIR range. The excitation nature of NIR PL was investigated by using pulsed 
or CW laser as excitation source. Cysteamine was utilized to induce the 
aggregation of Au NSs. The PL spectra evolution has been investigated in both 
visible and NIR range, upon addition of different amount of cysteamine. These 
results are expected to contribute to a better understanding of NIR PL from Au 
nanoparticles, and provide guidance in practical application of NIR PL in bio-
sensing and bio-imaging.  
5.2 Experimental Section 
5.2.1 Chemicals 
Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·3H2O, 99.9%), 
silver nitrate (AgNO3, 99%), L-ascorbic acid (AA, 99%), 
cetyltrimethylammonium bromide (CTAB, 99%), cetyltrimethylammonium 
chloride (CTAC, 25 wt % solution in water), sodium citrate dihydrate (99%) and 
cysteamine (Cys, 98%) were purchased from Sigma-Aldrich. Hydrochloric acid 
(HCl, 37 wt% solution in water) was purchased from Labscan. All the chemicals 
were used as received. All glassware was washed with aqua regia and then 
thoroughly rinsed with deionized water (resistance=18.1 MΩ·cm). 
5.2.2 Preparation of Au Nanorods (NRs) 
Au NRs were fabricated by a previously reported seed-mediated 
method.25  The CTAB-stabilized seed solution was prepared by adding HAuCl4 
(0.01 M, 0.25 mL) and CTAB (0.1 M, 10 mL) solutions in a glass bottle. A 
freshly prepared ice-cold NaBH4 (0.01 M, 0.6 mL) solution was then quickly 
added under vigorous stirring. The seed solution was mixed under vigorous 
stirring for 2 min and then kept at room temperature for at least 2 hrs before use. 
The growth solution was prepared by sequentially adding HAuCl4 (0.01 M, 2.0 
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mL), AgNO3 (0.01 M, 0.1-0.5 mL), HCl (1.0 M, 0.8 mL) and L-ascorbic acid 
(0.1 M, 0.32mL) solutions into a CTAB (0.1 M, 40 mL) solution and mixed by 
swirling. Seed solution (100 μL) was then added into the reaction solution and 
gently mixed by inversion for 2 min. The resultant mixture left undisturbed 
overnight. The as-grown Au NRs (2 mL) were centrifuged at 9000 rpm for 15 
min to remove unreacted AA and HAuCl4. The precipitate was re-dispersed into 
the same volume of CTAC (0.08 M) solution before further use. 
5.2.3 Preparation of Au Nanospheres (NSs) 
Au nanospheres were prepared by using a seed-mediated method as 
reported by Gole and Murphy.26 The citrate-stabilized seed solution was 
prepared by adding HAuCl4 (0.01 M, 0.25 mL) and sodium citrate (0.01 M, 0.25 
mL) solutions into water (9.5 mL). A freshly prepared ice-cold NaBH4 (0.1 M, 
0.3 mL) solution was then quickly injected under vigorous stirring. The seed 
solution was mixed by vigorous stirring for 2 min and kept at room temperature 
for at least 3 hrs. Au NS was prepared by using a two-step growth procedure. 
HAuCl4 (0.01 M, 0.375 mL) and AA (0.1 M, 0.8 mL) solutions were added into 
CTAC (0.08 M, 15 mL) solution as growth solution. First, seed solution (1.7 
mL) was added into one portion of the growth solution under vigorous stirring, 
which was continued for 10 min. Second, 1.7 mL of the resulting reaction 
solution from the first step was added into another portion of the growth solution 
under vigorous stirring, which was continued for 10 min. The reaction solution 
was kept at room temperature for 3 hrs before use. The resultant solution was 
washed twice by centrifugation and re-dispersion in the same volume of CTAC 
(0.08 M) solution before further use. 
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5.2.4 Assembly of Au NSs in solution 
Cysteamine was utilized as molecular link to assemble Au NSs in 
solution.27 Different amounts of cysteamine stock solution were injected into 
Au NSs in solution to control the assembly state of Au NSs. The final volume 
of Au NSs solution was ~1.05 times that of the initial volume to minimize the 
influence on optical properties caused by volume change. 
5.2.5 General Instrumentation 
Extinction spectra were measured by using a Shimadzu UV 2250 
spectrometer in a wavelength range from 300 to 1000 nm. Transmission electron 
microscopy (TEM) images of these Au nanoparticles were taken by using a 
JEOL 2010 electron microscope, operated at 200 kV. Dynamic light scattering 
(DLS) experiments were performed on a Malvern Nanosizer ZS. Inductively 
coupled plasma (ICP) was measured by Dual-view Optima 5300 DV ICP-OES 
system. 
5.2.6 Ensemble-based PL Measurements 
PL spectra were measured based on a home-built optical system. A 785 
nm femtosecond (fs) or continuous wave (CW) or laser (Avesta Ti-Saphire TiF-
100M) was used as excitation source.  The femtosecond laser outputs 80-fs laser 
pulses with a repetition rate of 84.5 MHz. The laser beam was filtered by 785 
nm clean-up filter and then tightly focused onto the samples in 1-cm cuvettes. 
Emission signals were collected at an angle of 90 degree to the excitation beam. 
Visible emission signal was filtered by 785 nm notch filter and 750 nm short 
pass filter to suppress laser scattering and then sent to a monochromator (Acton, 
Spectra Pro 2300i) coupled CCD (Princeton Instruments, Pixis 100B). Near-
infrared emission signal was filtered by785 nm notch filter and 808 nm long 
124 
 
pass to suppress laser scattering and then detected by the same camera as above. 
Water was used as blank sample to further remove laser scattering. The whole 
spectrum containing both visible and near-infrared signal was obtained by 
connecting the two spectra together. 
5.3 Results and Discussion 
5.3.1 Preparation of Au Nanoparticles 
Au NRs with different aspect ratios and Au NSs were prepared by using 
seed-mediated growth methods.25,26 Figure 5.1 shows the TEM images of the 
as-prepared Au nanoparticles. All the Au nanoparticles are relatively uniform in 
size and shape with high number yield. Au NRs were numbered in order of 
increasing the amount of AgNO3 in preparation. Table 5.1 shows the length and 
diameter of all the Au nanoparticles analyzed from TEM images (n=100). The 
average diameter of Au NSs is measured to be 19.9±2.8 nm, while the average 
length of Au NRs changes from 56.3±5.2 nm to 78.8±5.9 nm, and the average 
diameter changes from 23.7±3.3 nm to 17.6±2.6 nm. AgNO3 was used as 
additive in preparation to control the size of Au NRs. By increasing the amount 
of AgNO3, longer and thinner Au NRs (larger aspect ratio) can be obtained.28 
Three mechanisms have been proposed to explain the manner of AgNO3 in 
controlling aspect ratio of Au NRs, as described in Chapter 1.28  
Table 5.1 Size and optical property of Au NRs and Au NSs 
Au 
NPs L 









NRs 1 56.3±5.2 23.7±3.3 2.3±0.3 524 646 2.2×109 3.5×109 
NRs 2 56.2±7.4 22.9±2.6 2.4±0.4 520 669 2.1×109 3.6×109 
NRs 3 57.5±5.9 23.6±2.7 2.5±0.4 516 683 2.4×109 4.3×109 




Table 5.1 Size and optical property of Au NRs and Au NSs (continued) 
Au 
NPs L 









NRs 5 68.3±4.9 21.7±2.3 3.2±0.4 514 730 2.3×109 5.4×109 
NRs 6 69.9±5.4 20.8±1.8 3.3±0.3 514 754 2.2×109 5.5×109 
NRs 7 74.0±5.7 19.1±2.4 3.8±0.2 513 785 2.1×109 6.0×109 
NRs 8 78.8±5.9 19.7±1.1 3.9±0.3 513 808 2.4×109 6.1×109 
NRs 9 77.6±3.9 19.5±1.1 4.1±0.4 512 824 2.1×109 6.0×109 
NRs10 78.1±4.6 17.8±2.0 4.3±0.4 512 860 1.9×109 6.5×109 
NRs11 77.6±6.4 17.6±2.6 4.5±0.6 509 884 1.6×109 6.8×109 
NSs - 19.9±2.8 - 521 - 2.0×109 - 
(a) Length of Au NRs. (b) Diameter of Au NRs and Au NSs. (c) Aspect ratio of 
Au NRs. (d) Peak position of transverse mode of Au NRs, or dipolar mode of 
Au NSs. (e) Peak position of longitudinal mode of Au NRs. (f) Molar extinction 
coefficient of transverse mode of Au NRs, or dipolar mode of Au NSs. (g) Molar 
extinction coefficient of longitudinal mode of Au NRs. Molar extinction 
coefficients were measured by following the method from Orendorff.29  
 
Figure 5.1 TEM images of the prepared Au NRs and Au NSs. All the scale bars 
are 100 nm. TEM images of Au NRs are in order of increasing the amount of 




Figure 5.2 (A) Tubes containing Au NRs and Au NSs. (B) Normalized 
extinction spectra of the prepared Au NRs and Au NSs. (C) L-mode of all the 
Au NRs as a function of aspect ratio. The wavelength of L-modes of Au NRs 
can be well fitted with a linear function versus their aspect ratios. (D) Peak 
extinction coefficients of T-mode and L-mode of all the Au NRs versus their 
aspect ratios. 
In Figure 5.2A, the colors of Au NRs change from dark blue to reddish 
brown with increasing the amount of AgNO3 used in preparation, while Au NSs 
display a ruby-red color. To further investigate the origin of color change, 
extinction spectra of all the Au nanoparticles are displayed in Figure 5.2B. Au 
NSs exhibit a single dipolar LSPR peak centered at 521 nm, while Au NRs 
exhibit two LSPR peaks: weak transverse mode (T-mode) and strong 
longitudinal mode (L-mode).30 By increasing the amount of AgNO3 in the 
growth procedure, L-modes of Au NRs were tuned from visible to NIR range, 
while T-modes only slightly shifted. This huge difference in L-mode is strongly 
dependent on the aspect ratio of Au NRs, which is consistent with previous 
experimental and theoretical reports (Figure 5.2C).25,31 The relationship 
between L-mode and aspect ratio can be linearly fitted by Equation 5.1.  
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λ 96.5 431L mode AR                                                                              (5.1) 
where λL-mode is the peak wavelength of L-mode of Au NRs, and AR is the aspect 
ratio of Au NRs. The slope and intercept in this function is similar as the result 
reported by S. Link et al. and Ni et al.25,32,33 
In order to compare the other optical properties of the as-prepared Au 
nanoparticles under same particle concentration, extinction coefficients of all 
the Au nanoparticles were determined by following the method from Orendorff 
(Table 5.1).29 It is noteworthy that the values of extinction coefficient were 
calculated based on the particle concentration, instead of Au atom concentration. 
The particle volumes of all the Au nanoparticles were calculated based on the 
average size of each types of Au nanoparticles. Extinction coefficient value of 
20 nm Au NSs was determined to be 2.03×109 M-1 cm-1 at the peak of LSPR, 
which is similar as the values reported previously.29,34 Figure 5.2D shows the 
extinction coefficients of Au NRs with aspect ratio from 2.32 to 4.50. These 
values were obtained at both the peaks of T-mode and L-mode. The values of T-
mode were found to slight decrease from 2.20×109 M-1 cm-1 to 1.56×109 M-1 
cm-1, while their aspect ratios increase. This is due to the better separation of T-
mode and L-mode of Au NRs, as the tail of L-mode can increase the intensity 
of T-mode. In contrast to the slight change of T-mode, the extinction coefficient 
values of L-mode change from 3.50×109 M-1 cm-1 to 6.81×109 M-1 cm-1, with 
increasing their aspect ratios. This result is consistent with both experimental 
and theoretical results as reported, and help to establish a relationship between 
extinction coefficients and aspect ratios of Au NRs.25,29,31  
In comparison to traditional organic dyes, such as rhodamine 6G 
(ε=~105 M-1 cm-1), Au nanoparticles possess a much larger extinction 
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coefficient.29 As single Au NR (face-centered cubic crystal structure, a=4.08 Å) 
consists of ~106 Au atoms while rhodamine 6G consists of 66 atoms, it is unfair 
to compare one nanoparticle and one organic dye.29,35 Hence, extinction 
coefficient of Au nanoparticles was calculated based on single Au atom. The 
smallest extinction coefficient among these Au nanoparticles is 2.78×103 M-1 
cm-1 based on single Au atom. Thus, the extinction coefficient based on 66 Au 
atoms (1.83×105 M-1 cm-1) is still comparable with that of rhodamine 6G. 
5.3.2 Photoluminescence (PL) of Au NRs 
Ensemble-based photoluminescence measurements were performed on 
a home-built optical system. 785 nm pulsed laser was utilized as excitation 
source. The visible and NIR emission signals were collected at an angle of 90 
degree to the excitation beam and filtered by different set of filters to remove 
laser scattering. Particle concentration of all the Au NRs was estimated to be 22 
pM, based on their extinction coefficients. Figure 5.3A displays PL spectra of 
all the Au NRs. Each PL spectrum of different Au NRs displays two peaks: one 
broad peak at ~540 nm and one sharp peak at ~765 nm which is partially blocked 
by filter. Though the sharp peak can be speculated from the left tail of emission 
peak in our previous studies, this is the first time we observed the whole 
emission peak of Au NRs in NIR range.21  
Table 5.2 L-band and X-band peak positions of Au NRs  
Au NRs 1 2 3 4 5 6 
λL-band/nm 539 540 541 540 540 539 
λX-band/nm 762 764 765 766 767 768 
Au NRs 7 8 9 10 11  
λL-band/nm 540 541 541 541 539  
λX-band/nm 768 769 768 770 775  
All the peak positions were obtained by using Lorentz fitting. 
By using Lorentz function to fit the PL spectra, the peak positions of all 
the Au NRs can be obtained (Figure 5.3B & Table 5.2). In order to clarify the 
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origin of these two peaks, the mechanism of PL is discussed here. PL of Au 
involves three steps: electron-hole generation, electron-hole relaxation and 
electron-hole recombination.23,36,37 The electron-hole recombination 
preferentially occurs near the L and X symmetry points of the first Brillouin zone, 
owing to the high density of states near these symmetry points.37 Based on the 
calculated band structure of Au, emission peaks resulting from electron-hole 
recombination near the L and X symmetry points can be observed at 520 nm (L-
band) and 650 nm (X-band), respectively.38 This proposal was confirmed by the 
near-field emission spectrum of a single Au NR with two emission peaks at 550 
nm (L-band) and 650 nm (X-band), respectively.37 Thus, the broad emission 
peak of Au NRs at ~540 nm can be assigned to the L-band emission. 
Interestingly, the wavelengths of sharp PL peaks are strongly red-shifted to the 
X-band. In addition, the relative shift of PL peak to that of Au NRs 1 shows that 
the wavelength of L-band peak displays larger shift than that of X-band peak 
(Figure 5.3B). This difference is originated from the different emission 
mechanisms between near-field and far-field emission. In far-field emission 
process, electron-hole recombination is strongly influenced by LSPR (L-mode 
in Au NRs), which provides more density of states near the LSPR 
wavelength.24,39 Thus, the emission spectra profile can be strongly modulated 
by LSPR, and result in red-shifted X-band peaks. It is noteworthy that the X-
band peak of shortest Au NRs (Au NRs 1) is still at 762 nm, though L-mode of 
Au NRs 1 is in visible range. This is due to the sample inhomogeneity in size. 
A small portion of long Au NRs with NIR L-mode could strongly affect the 
emission spectra profile of short Au NRs, owing to better excitation efficiency 
and high PL intensity of long Au NRs.40,41 The detail understanding could be 
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further investigated by single particle microscopy technique to eliminate the 
effect of sample inhomogeneity. 
 
Figure 5.3 (A) PL spectra of all the Au NRs excited by pulsed laser. The 
emission between 750 nm and 808 nm were blocked by filters. (B) PL peak shift 
relative to the L-band and X-band of Au NRs 1. Inset: Lorentz fitting of PL 
spectra of Au NRs 1. (C) Integrated PL intensities of all the Au NRs in visible 
and NIR range (left axis) and ratio of integrated PL intensities in NIR range to 
that in visible range (right axis), versus their L-modes. (D) Excitation power 
dependence (pulsed laser) of PL intensities of Au NRs 7 (L-mode at 785 nm). 
The PL intensity of each spectrum was found to be quite different for 
different types of Au NRs. In order to investigate this relationship, visible and 
NIR PL intensities of all the Au NRs in were separately integrated and plotted 
versus the wavelength of L-modes of different Au NRs. In Figure 5.3C, both 
visible and NIR PL intensities of Au NRs were observed to be strongly 
dependent on the LSPR position relative to excitation wavelength. Au NRs with 
L-mode at 785 nm displays the highest PL intensities at both visible and NIR 
range, while the PL intensities of the other Au NRs gradually decrease when the 
wavelengths of their L-modes gradually move away from the excitation 
400 600 800 1000
 
 PL
 Fit Peak 1
 Fit Peak 2
























































Au NRs 1 Au NRs 2 Au NRs 3 Au NRs 4
Au NRs 5 Au NRs 6 Au NRs 7 Au NRs 8





























wavelength. The visible and NIR PL intensities of Au NRs with L-mode at 785 
nm are 12 and 13 times that of Au NRs with L-mode at 646 nm, which displays 
the worst PL performance. These results indicate that Au NRs possess better PL 
performance when their L-mode overlaps the spectra profile of excitation source. 
The observed huge difference among different types of Au NRs can be ascribed 
to two factors. First, L-mode of Au NRs near excitation wavelength supplies 
more intermediate states for excitation process, resulting in large absorption 
cross section.36,41-43 Second, the resemblance between L-mode and excitation 
wavelength also provides huge electric field enhancement at excitation 
wavelength, resulting in higher excitation efficiency.44,45  
It is noteworthy that the ratio of NIR PL intensity to visible PL intensity 
increases when L-mode of Au NRs moves to longer wavelength (Figure 5.3C). 
This further indicates that L-mode of Au NRs provides more density of states in 
emission process and enhances the PL intensity near the wavelength of L-mode. 
Moreover, NIR PL intensities of Au NRs are only several times lower than 
visible PL intensities. As visible PL signals of Au NRs have been applied in 
biological sensing and imaging, the comparable NIR PL signals of Au NRs are 
also capable for potential applications in these fields.20,22,46 In addition, NIR PL 
signals are much more important in biological applications than visible PL 
signals, as the NIR light is less scattered by bio-tissues and consequently has 
better imaging performance.6 Two-photon excitation mechanism of Au NRs in 
both visible and NIR range was confirmed by their excitation power dependence 
(Figure 5.3D). The slopes of log-log plot are 2.2 for visible PL and 1.6 for NIR 
PL. These results indicate that the signals were mainly originated from two-
photon photoluminescence, instead of inelastic scattering. Moreover, the 
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smaller slope for NIR PL indicates that one-photon excitation mechanism may 
exist in the excitation process for NIR PL. 
To further investigate the excitation mechanism in NIR range, CW laser 
was utilized as excitation source, as the power density of CW laser is much 
smaller than the peak power density of pulsed laser and insufficient for two-
photon excitation of Au NRs.23 Figure 5.4A displays the PL spectra of all the 
Au NRs excited by 785 nm CW laser, based on the same experimental system 
as above. In contrast to the broad PL peak excited by pulsed laser, PL of Au NRs 
excited by CW laser only exhibit one sharp peak in NIR range. One-photon 
excitation nature was confirmed by the excitation power dependence 
experiment with a slope of 0.9 obtained from the log-log plot (Figure 5.4B). 
This is consistent with the power-dependence results from rough Au films and 
single Au NRs.23,24 Combined with Figure 5.3D, it indicates that one-photon 
excitation plays an important role in the excitation mechanism of NIR PL, no 
matter which kind of laser is used as excitation source. The integrated NIR PL 
intensities of all the Au NRs display a similar trend as that excited by pulsed 
laser (Figure 5.3C & 5.4C). Au NRs with L-mode at 785 nm display the largest 
NIR PL intensity, which is 11 times that of Au NR with worst PL performance. 
This is owing to the large absorption cross section and huge electric field 
enhancement for excitation process when L-mode overlaps excitation 
wavelength.36,41-45 As 785 nm CW laser (1.58 eV) is insufficient to induce 
interband excitation of Au around the X region (1.8 eV), the mechanism of PL 
process is totally different from that excited by pulsed laser. After being 
irradiated by 785 nm CW laser, a hot electron in Au NRs is generated by 
intraband excitation instead of interband excitation.23,24,36,47 This hot electron 
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converts to LSPR mode nonradiatively and then emits a photon with the same 
energy as LSPR mode.24,48 Figure 5.4D displays the difference between NIR 
PL intensities excited by pulsed laser and CW laser. PL intensities excited by 
CW laser are at most 9 times smaller than that excited by pulsed laser, under the 
same average excitation power. This small difference indicates that NIR PL 
excited by CW laser can also be potentially applied in bio-imaging. 
 
Figure 5.4 (A) PL spectra of all the Au NRs excited by CW laser. The emission 
between 750 nm and 808 nm were blocked by filters. (B) Excitation power 
dependence (CW laser) of PL intensities of Au NRs 7 (L-mode at 785 nm). (C) 
Integrated PL intensities of all the Au NRs in NIR range versus their L-modes. 
(D) Ratio of integrated PL intensities in NIR range excited by pulsed laser to 
that excited by CW laser. 
5.3.3 Photoluminescence (PL) of Aggregated Au NSs 
Our recent works demonstrated that aggregation of Au NSs could result 
in enhanced TPPL, which can facilitate the applications in biological 
sensing.20,49,50 As Au NSs generally tend to aggregate in biological 
environments, it is of great interest to study the PL properties of Au NSs in NIR 
range after aggregation.51 Cysteamine was chosen as molecular link to induce 
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the aggregation of Au NSs, owing to its two terminal functional groups which 
can bind to the surface of Au.52 The particle concentration of Au NSs was 
estimated to be 80 pM based on the extinction coefficient. After increasing 
cysteamine concentration, the color of Au NSs changes gradually from light red 
to pale blue, indicating the aggregation of Au NSs (Figure 5.5A).20,49 The size 
distributions of Au NSs before and after aggregation were measured by dynamic 
light scattering (DLS) technique, which could give in situ observation of size 
change during aggregation (Figure 5.5B). The DLS results show that the size 
of isolated Au NSs is 23.6 nm, which is larger than the average size obtained 
from TEM images (19.9 nm). This is because the size obtained by DLS includes 
the surfactant and solvent layer of Au NSs.53-55 After increasing the 
concentration of cysteamine, the size of aggregated Au NSs gradually increased, 
which further confirms that cysteamine can induce aggregation of Au NSs 
(Figure 5.5B). The wide size distribution of aggregated Au NSs indicates that 
the aggregation induced by cysteamine is a random process, in which the 
number of Au NSs is not controllable in one aggregated cluster. Figure 5.5C 
shows the extinction spectra of Au NSs before and after adding different 
amounts of cysteamine. After adding cysteamine, the original 521 nm LSPR 
peak of isolated Au NSs gradually decreased while a new peak appeared at 
longer wavelength, owing to the new LSPR from the coupled Au NSs.27 This 
new peak gradually red-shifted and finally disappeared after adding more 
cysteamine stock solution. The disappearance of this new peak is likely due to 





Figure 5.5 (A) Photos (A), size distribution (B), extinction spectra (C) and PL 
spectra (D) of isolated Au NSs and aggregated Au NSs with different 
concentration of cysteamine. (E) Integrated PL intensities of isolated Au NSs 
and aggregated Au NSs with different concentration of cysteamine (left axis) 
and ratio of integrated PL intensities in NIR range to that in visible range (right 
axis), versus the concentration of cysteamine. (F) Excitation power dependence 
(pulsed laser) of aggregated Au NSs with the highest PL intensity. 
PL spectra of isolated and aggregated Au NSs were measured by the 
same experimental as mentioned above, by using 785 nm pulsed laser as 
excitation source. Figure 5.5D shows the PL spectra of isolated and aggregated 
Au NSs in the presence of different concentration of cysteamine. The PL spectra 
of all the aggregated Au NSs were much broader than that of Au NRs. No 
distinct X-band and L-band emission peaks were observed. This is due to the 
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wide size distribution of the clusters of aggregated Au NSs, which display 
different PL profiles.27 Figure 5.5E shows that the integrated PL intensities of 
isolated and aggregated Au NSs strongly increased in both visible and NIR 
range after addition of cysteamine, and reached its maximum when the 
concentration of cysteamine is 200 μM. Compared to PL from isolated Au NSs, 
the enhancement factors for Au NSs with 200 μM cysteamine are 460 and 91 
times for visible and NIR PL, respectively. Then the PL intensities decreased 
after continuously adding cysteamine, owing to the LSPR shift to longer 
wavelength than excitation wavelength. This PL enhancement is owing to three 
factors. The first two factors are similar as that of Au NRs: the red-shifted LSPR 
provides more intermediate states to increase absorption cross section and larger 
field enhancement to increase excitation efficiency.36,41-45 The last factor is 
owing to the hot spot generated between coupled Au NSs, which can further 
increase the field enhancement for excitation.27,57 The ratio of NIR PL to visible 
PL increased with increasing the concentration of cysteamine, which is similar 
as that of Au NRs (Figure 5.5E). This is because the red-shifted LSPR of Au 
NSs provides more density of states for radiative decay in NIR range.39 Two-
photon excitation nature of aggregated Au NSs was confirmed by the power 
dependence experiment with slopes of 1.7 and 1.5 for visible and NIR range, 
respectively. Compared to the slopes of Au NRs, the slopes of aggregated Au 
NSs is slightly smaller. This is because the aggregation was still in process 
during the measurement, which could affect the accuracy of the result. 
Considering the comparable PL intensities in visible and NIR range, NIR PL of 
aggregated Au NSs can be potentially applied into bio-sensing and bio-imaging 
as well as the visible PL. Moreover, the imaging performance can be improved 
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by using NIR signal, owing to the less scattering by bio-tissues.6  
5.4 Conclusion 
In summary, the visible and NIR PL of a series of Au NRs, and isolated 
and aggregated Au NSs have been systematically investigated. The PL of Au 
NRs was excited by pulsed or CW laser, and found to strongly increase when 
the L-mode of Au NRs overlaps with the laser profile. The PL intensities of Au 
NRs with L-mode at 785 nm were the highest among all the Au NRs with the 
same particle concentration, by either using pulsed laser or CW laser as 
excitation source. By using pulsed laser as excitation source, both visible and 
NIR PL were observed from Au NRs. The visible and NIR PL intensities of Au 
NRs with L-mode at 785 nm are 12 and 13 times that of Au NRs with worst PL 
performance, respectively. The ratio of NIR PL to visible PL increases when the 
L-mode of Au NRs move to longer wavelength. Moreover, the NIR PL intensity 
of Au NRs is comparable to visible PL intensity, which suggests that NIR PL of 
Au NRs could be potentially used in biological applications as visible PL of Au 
NRs. By using CW laser as excitation source, only NIR PL was observed from 
Au NRs. The NIR PL intensity of Au NRs with L-mode at 785 nm are 11 times 
that of Au NRs with worst PL performance. One-photon excitation mechanism 
was found to play an important role in NIR PL, by either using pulsed laser or 
CW laser as excitation source. PL intensities of Au NSs display strong 
enhancement in both visible and NIR range after aggregation, by using pulsed 
laser as excitation source. The enhancement factors are 460 and 91 for visible 
and NIR PL, respectively. This enhancement was attributed to the enlarged 
absorption cross section and huge excitation field enhancement after 
aggregation. Our results provide new insights into the NIR PL of Au NRs and 
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aggregated Au NSs, and establish the relationship between PL intensities and 
aspect ratio of Au NRs. These results are of great importance for potential 
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Chapter 6. Conclusions and Perspectives 
In this thesis, we have systematically investigated performance and 
mechanism of two-photon photoluminescence (TPPL) of noble metal 
nanoparticles with both ensemble-based and single-particle measurements. We 
have also demonstrated the performance of these noble metal nanoparitcles as 
potential two-photon imaging contrast agents in cancer cells. In this chapter, we 
review the main findings in previous chapters and conclude the thesis with a 
perspective for future research. 
6.1 Conclusions 
In the first work, the influence of material on TPPL properties was 
investigated by comparing Au, Ag and bimetallic nanoparticles. Compared to 
Au nanocubes, Ag nanocubes displayed larger TPPL brightness, owing to the 
larger field enhancement of Ag. Bimetallic nanohollows displayed the largest 
TPPL brightness among these three nanoparticles, because the LSPR mode 
matches the excitation wavelength. Cell viability experiment shows that Au 
nanocubes and Ag/Au nanohollows exhibit low cytotoxicity, while Ag 
nanocubes exhibit high cytotoxicity. Considering cell cytotoxicity and TPPL 
brightness, Ag/Au nanohollows are better candidates as two-photon imaging 
contrast agents than Au nanocubes and Ag nanocubes. This work helps to 
establish the relationship between TPPL intensity and material, and provides 
guideline to potential application in biological imaging. 
Besides the material influence, the shape of nanoparticles is another 
important factor of TPPL brightness. TPPL properties of Au nanoparticles of 
five different shapes (nanospheres, nanocubes, nanotriangles, nanorods and 
nanobranches) with similar dimensions were investigated to establish the 
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relationship between TPPL intensity and shape. The averaged TPPL intensity 
increased in the order of nanocubes, nanotriangles, nanorods, and nanobranches. 
This trend is owing to two factors: resonant LSPR with excitation wavelength 
and huge field enhancement at the sharp ends. The important role of sharp ends 
in TPPL has been demonstrated by intentionally laser-induced melting of single 
Au nanobranches. This work provides insight into the relationship between 
shape and TPPL brightness. 
Up to now, the fundamental mechanism of photoluminescence of noble 
metal nanoparticles is still under debate. In this work, we investigated the 
fundamental mechanism in emission process of Au nanoparticles. Face-to-face 
Au nanocube dimer were chosen to study the photoluminescence mechanism. 
Owing to the plasmon coupling between adjacent facets and adjacent corners, 
two scattering peaks were observed from Au nanocube dimer, when the 
polarization of white light is along assembly axis. When the excitation 
polarization is along assembly axis, photoluminescence peak of Au nanocube 
dimer was unexpectedly observed between two scattering peaks, which is 
inconsistent with previous reported results. It indicates that this 
photoluminescence peak of Au nanocube dimer is generated by synergetic 
modulation of these two scattering peaks. This work indicates that plasmon-
modulated emission mechanism plays an important role in the emission process 
of Au nanoparticles, and provides new insight into the emission mechanism of 
Au nanoparticles. 
In previous work, researchers mainly focused on the visible emission of 
noble metal nanoparticles. However, NIR emission is more important in 
biological applications, as bio-tissues are transparent to NIR emission. We 
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investigated the visible and NIR emission from Au nanorods and aggregated Au 
nanospheres. Au nanorods displayed comparable NIR emission intensity to 
visible emission intensity. Aggregated Au nanospheres also displayed huge 
enhancement in both visible and NIR photoluminescence, which is beneficial 
for biological application as Au nanoparticles tend to be aggregated in bio-
tissues. Our results establish the relationship between photoluminescence 
intensities and aspect ratio of Au NRs and provide new insights into the potential 
application of NIR photoluminescence of Au NRs and aggregated Au NSs.  
6.2 Perspective 
Investigation on photoluminescence of noble metal nanoparticles is an 
interdisciplinary area including optics, biology and chemistry. Based on the 
ensemble measurement and single-particle microscopy, relative TPPL 
intensities and absolute TPA cross sections of noble metal nanoparticles can be 
obtained and consequently speculate the performance in biological application. 
However, there are still several limitations in this thesis, and further 
improvement is required in future research. 
It is acknowledged that the measurements based on single particle 
microscopy could not avoid the inhomogeneous environment induced by 
substrate. Future research is required to measure the optical properties of noble 
metal nanoparticles in homogeneous environment via single particle technique. 
The technique of optical tweezers is a potential candidate for achieving this goal. 
Prikulis et al. reported that scattering spectra of single Ag nanoparticles can be 
measured after trapping the nanoparticle by laser.1 Based on their method, 
further experiment, such as scattering and photoluminescence measurements, 
could be performed. However, the trapping light induces a new problem for 
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measuring the intrinsic properties of Au NPs, due to the extra photo-thermal 
effect induced by the trapping light.  
Another limitation is the results obtained by our single particle technique 
is an overall TPPL performance, which is composed by quantum yield and two-
photon absorption cross section. The influence of material, shape and plasmon 
coupling on quantum yield and two-photon absorption cross section cannot be 
separately quantified by this technique. Based the photo-thermal imaging 
technique, Yorulmaz et al. reported that the quantum yield of single Au nanorods 
and nanospheres are quite similar.2 This indicates that the huge difference 
between TPPL intensities of Au nanorods and nanospheres is mainly from two-
photon cross section. It is interesting to further investigate whether the other 
shapes of Au nanoparticles display similar quantum yield. By using the photo-
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